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Unbound aggregate layers are frequently used as remedial alternatives for weak subgrade soils. 
With the recent focus on sustainable construction practices, ever-increasing transportation cost, 
and scarcity of natural resources, nontraditional and locally available recycled materials have 
become viable for the construction of unsurfaced and low volume roads. Although large-size 
unconventional virgin aggregates (also referred to as ‘rock cap’, ‘primary crusher run’ and 
‘macadam stone base’) have been successfully used by several transportation agencies 
previously, performances of recycled materials, e.g. reclaimed asphalt pavement (RAP) and 
recycled concrete aggregate (RCA) with possible large particle sizes, are not readily available in 
current engineering literature. The main objective of this research study was to evaluate 
engineering applications and field performances of unconventional aggregates from virgin and 
recycled sources used in both construction platform type pavement foundation and low volume 
road applications. 
 A total of seven different aggregate materials varying in particle size distributions and 
material compositions were selected for this study. Since conventional laboratory testing could 
not accommodate engineering property characterizations and performance evaluations of large 
size unconventional aggregates, a field evaluation study was essentially undertaken involving 
accelerated pavement testing of twelve full-scale working platform and twelve asphalt concrete 
surfaced low volume road test sections constructed with the aforementioned materials. Regular 
base course type virgin crushed dolomite and 100% reclaimed asphalt pavement (RAP) materials 
were used as a thin capping layer to limit the movement of large particles over weak subgrade 
condition. Among the 24 test sections, 16 test sections comprising of large rocks were 
constructed over an engineered subgrade with a California bearing ratio (CBR) of 1%; 
meanwhile, the remaining 8 test sections were built with regular size dense-graded base course 
aggregates over a modified subgrade with a design strength of CBR = 3%.  
 Considering the dimension-specific requirements of standardized test protocols, limited 
laboratory characterization tests could be conducted to evaluate the physical and mechanical 
properties of selected aggregate materials. A state of the art field imaging technique was adopted 
to measure the size and shape properties of these large size, so-called ‘aggregate subgrade’ 




found to increase when particles sizes were mechanically reduced through the aggregate crushing 
effort from primary to tertiary stage quarry processes. Conversely, RAP materials had 
comparatively lower angularity and surface texture owing to the presence of asphalt binder 
coating around those particles. Visual observations and laboratory test results indicated that 
uniformly graded large size aggregates underwent significant particle reorientation during the 
monotonic triaxial strength testing. Despite exhibiting higher modulus values, 100% RAP 
accumulated higher permanent deformation compared to the virgin crushed dolomite.   
 Quality control tests conducted with nuclear density gauge during the construction of 
full-scale test sections indicated, in general, lower than desired density levels achieved in the 
constructed aggregate layers. Non-nuclear tests conducted on those unbound granular layers, 
with lightweight deflectometer and GeoGauge, exhibited higher modulus values in test sections 
containing 100% RAP capping/subbase layers. After construction, the test sections were 
subjected to accelerated pavement testing with a moving wheel load of 44.5 kN at a constant 
speed of 8 km/h exerting an approximate tire pressure of 758 kPa. Periodic rut measurements 
were carried out on pavement surfaces throughout the accelerated loading process. Observed 
rutting trends in unsurfaced and low volume road test sections were weighed against as-
constructed layer thicknesses, penetration-based strength indices, and hot-mix asphalt bulk 
specific gravities. Within the current design framework of Illinois Subgrade Stability manual, 
aggregate subgrade layers with unconventional large rocks constructed over weak subgrade with 
a controlled strength of CBR = 1%, performed satisfactorily accumulating a minimal amount of 
rutting. Among the different field applications, the 60–40% blend of recycled concrete aggregate 
and RAP materials performed the most satisfactorily as an improved subgrade. Despite 
exhibiting better relative compaction and higher in situ modulus values, unbound granular layers 
consisting of 100% RAP were found to be quite susceptible to large deformations during paving 
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CHAPTER 1: INTRODUCTION 
1.1 Overview of Pavement Systems 
The term ‘pavement’ refers to a multi-layered structure constructed for traffic use (Huang 2004). 
This multi-layered structure should be stable enough to withstand the repeated load induced by 
traffic movement during its service life. Pavement structures can be categorized into several 
different types based on the larger material composition, and wheel load stress distribution 
mechanism. Prominent pavement types include unsurfaced (also referred to as construction 
platform over weak subgrades before the placement and compaction of pavement layers), 
flexible, rigid, composite, inverted, etc. The terms ‘flexible’ and ‘rigid’ refers to the ways asphalt 
and Portland cement concrete pavements, respectively, distribute repeated wheel loads over the 
subgrade. Due to the high modulus of elasticity, rigid pavement distributes the load over a wider 
area compared to flexible pavement. 
Figure 1.1 shows different types of pavement systems. In a flexible pavement, a hot mix 
asphalt (HMA) mat is placed over either granular layer or prepared subgrade (in situ soil 
compacted to desired density) depending on the structural adequacy of the pavement foundation. 
Contrary to the material composition of flexible pavement, a much stiffer Portland cement 
concrete surface layer is placed either on top of the unbound base or over the compacted 
subgrade. Alongside the granular layers, in situ soil may also be chemically stabilized to 
strengthen the soil support beneath the overlain layers. Besides these types, the granular layers 
may also be chemically stabilized or mechanically stabilized with geogrids to enhance pavement 
structural support. 
Composite pavements are generally the outcome of pavement rehabilitation, where 
asphalt concrete is used to cover existing damaged Portland concrete surface or vice versa. The 
overall design philosophy for flexible or rigid pavement revolves around the idea that the stiffest 
layer should be at the top and in contact with the tires followed by the less stiff layers placed 
beneath that layer. Conversely, an inverted pavement system places the stiffest layer in the 
middle. Other than the aforementioned types, there is also unpaved or unsurfaced road where an 




also have a thin layer of wearing surface popularly known as chip seal, comprising small size 
aggregates and asphalt binder. 
1.2 Role of Unbound Aggregate Layers in Pavements 
The granular base and subbase layers serve two-fold purposes in a pavement structure: during 
construction, these layers act as construction platform; during service, they provide structural 
support throughout the design life for the overlain surface course. In most developing countries, 
the main structural component is a thick granular layer placed over compacted subgrade. Due to 
budget constraints, conventional hot mix surface courses are replaced with chip seal or omitted 
altogether. The placement of chip seal is intended to prevent water ingress from the surface and 
hold aggregate particles on the surface. Besides the developing countries, this pavement type is 
also popular in Trans-Tasman (e.g. Australia, New Zealand etc.) nations. Similarly, a major 
portion of minor arterial and local roads in the United States has similar pavement structure 
where a thin asphalt concrete layer is placed on top of thick granular base course. Henceforth, 
these granular layers are required to perform several important functions as follows: 
(a) In absence of strong and stable subgrade, these layers need to withstand the construction 
traffic such that the accumulating permanent deformation is minimal; 
(b) Provide adequate resistance during construction, such that the subgrade does not undergo 
failure in terms of permanent deformation accumulation and bearing capacity; 
(c) Provide a smooth working platform so that the overlying layers can be placed and compacted 
to the desired serviceability level; 
(d) Provide adequate structural support for the surface courses during in-service conditions; 
(e) Act as a drainage layer (only applicable to open-graded materials) so that the surface course 
does not undergo moisture damage; and 
(f) Act as a frost blanket in regions where the subgrade soil is prone to frequent freeze-thaw 
damage owing to high capillary suction and low permeability. 
1.3 Distribution of Road Network in the United States 
Despite the important functions of granular materials, the current state of design procedures does 
not address the issues related to granular materials effectively. To further illustrate the 
significance of these materials, the distribution of road networks in the United States need to be 




highway systems as of 2013 (FHWA 2014a; b).  As shown in the figure, the total reported length 
of public roads is just above four million miles. In rural highway system, the local roads 
constitute approximately 68% of total lane miles; whereas, local roads in urban highway system 
composes 72% of total road length. Apart from these statistics, approximately 34% of total road 
network encompassing both rural and urban highway system is completely unpaved. Owing to 
these facts, proper characterization of granular materials is of immense importance to boost 
existing frail infrastructure of United States. 
1.4 Material and Energy Use in Pavement Infrastructure 
Aggregate is one of the most essential building materials for any type of road construction. 
Figure 1.3 signifies the overall material and energy use associated with crushed stone production 
in the United States. Crushed stone production over the last decade is shown in Figure 1.3 (a) 
(Willett 2013). The total amount of recycled aggregates sold or used by the producers constitutes 
only 3% of the total aggregate production. Figure 1.3 (b) shows that mineral aggregates account 
for approximately 94% of total material use in national highway system in the United States 
(Sullivan 2006). 
Figure 1.3 (c) shows the percentages of crushed stone associated with different types of 
infrastructures. Among those, about 26% of crushed stone is utilized for highway base courses 
either as construction platforms or as unpaved roads (Langer and Glanzman 1993). Figure 1.3 (d) 
shows that the crushed stone production involves the use of every possible type of non-nuclear 
energy (Moray et al. 2006). Among these energy sources, explosives alone accounts for 29% of 
total energy use for crushed stone production. Contrary to these facts, the overall crushed stone 
production increased at an annual rate of 3% over the last 25 years. In light of data above, two 
facts can be established as follows: 
(a)  Increased use of recycled aggregates will establish sustainable and environment-friendly 
infrastructure development; 
(b) Significant energy savings can be achieved during the aggregate production phase if a major 
portion of mineral aggregates demand can be satisfied with recycled aggregates. 
Transportation agencies the United States are embracing these facts aggressively, and 
there is a growing consensus on using more and more recycled materials in pavement systems. 




properties. However, research efforts to bridge the gap between laboratory and long-term 
pavement performances of these materials have been inadequate. Accelerated pavement testing 
involving repeated applications of simulated traffic loads at a low speed is generally considered 
to be the most useful tool for extrapolation of long-term pavement performance in reference to 
the laboratory observations (Metcalf 1996). 
1.5 Current State of Recycled Material Use in Illinois 
 The state of Illinois has been an advocate for promoting the sustainable use of recycled 
materials. Illinois Public Act 097-0314 requires the state transportation authority to report the 
annual use of recycled materials in an effort to reduce the carbon footprint. A recent study 
summarized that a total of 1.7 million tons of materials was recycled in 2013 which indicates a 
43% increase in recycled tonnage from 2012 (Lippert et al. 2014). Reclaimed asphalt pavement 
(RAP) and recycled concrete aggregate (RCA) account for approximately 85% of the total 
recycled tonnage. Apart from RAP and RCA being used in the construction of surface layers, 
recent efforts have also been made to enhance the use of recycled materials in weak subgrade 
remediation. 
Illinois Department of Transportation (IDOT) annually uses 1.9 million tons of 
aggregates for pavement construction platform applications. A major portion of these aggregates 
is being replaced by large size crushed stones from non-primary (recycled) sources on the basis 
of transportation cost and availability of local materials. These large size materials are commonly 
referred to as ‘aggregate subgrade’ by IDOT. In November 2013, IDOT introduced certain 
aggregate subgrade gradation bands to allow increased use of large-size, recycled, and marginal 
aggregate sources to be included in current design framework for such working platform 
applications. Despite the major thrust, there is often little to no information regarding the 
performance of these gradation bands and unconventional aggregates. Moreover, IDOT 
mechanistic-based pavement design procedure does not consider any structural support from the 
improved subgrade remedied with unconventional aggregates. These timely issues have been the 
topics of urgent research needs in Illinois. 
1.6 Use of Large Size Unconventional Aggregates 
Unconventional aggregates are referred to as the aggregates that do not necessarily fall in the 




transportation agencies. These aggregates are often large size and can either be premium quality 
virgin crushed stone or recycled materials. Moreover, large recycled concrete aggregates can be 
blended with regular base course type reclaimed asphalt pavement materials to meet certain 
gradation criteria set by an agency. These unconventional aggregates have been primarily used 
for working platform applications where typical mechanical or chemical stabilization techniques 
may not be applicable. They are often capped with a thin layer of conventional base course type 
aggregates. The primary goal of such capping is to lock the voids with small size particles in the 
large aggregate matrix. 
 Several state agencies use large size virgin aggregates with 76 mm (3 in.) top size 
particles to provide a capillary break for frost-susceptible soils. Based on agency-specific 
terminologies, these materials are also designated as ‘rock cap’, ‘riprap’ and ‘macadam stone 
base’ etc. Johnson (1973) conducted a survey of North American agency roadway design 
practices and reported that Maryland used a 30.5 cm (12 in.) thick granular cap over frost-
susceptible soils.  Since 1980, Idaho Department of Transportation has constructed rock cap 
roadway within an estimated range of 805 to 970 km (500 to 600 miles) (Mathis 1991). In the 
early 90s, Washington Department of Transportation started to use these large rocks as frost 
blanket in the highways dedicated to timber freight (Uhlmeyer et al. 2003). In all these 
applications, the design philosophy predominantly revolved around the use of good quality 
virgin aggregates from primary crusher type quarry production.  
 Since 1977, Iowa Department of Transportation undertook several projects to monitor 
construction project to monitor and performances of macadam stone base sections incorporating 
large size granular materials with 102 mm (4 in.) top size (Hoover et al. 1980; Less and Paulson 
1977ab; Lynam and Jones 1979). Macadam stone materials were placed with mechanical 
aggregate spreaders (also known as ‘Jersey Spreader’) followed by vibratory roller compaction. 
Jobgen and Callahan (1989) and Less and Paulson (1977a) documented choke stone layer with 
double seal asphalt coat surfacing over these macadam stone base layers. On the other hand, 
Lynam and Jones (1979) reported the use of macadam stone base layers in both flexible and rigid 
pavement structures. Procedures and equipment for construction of these large aggregate base 
layers were incorporated in Section 2210.03 of the Iowa DOT Specifications for Highway and 




 Jobgen and Callahan (1989) investigated long-term performances of various stabilization 
techniques including mechanical stabilization with macadam base layers and conventional 
chemical stabilization. Based on rutting progression and fatigue cracking, macadam base 
sections were found to be the best performing stabilization option in pavement construction. Less 
and Paulson (1977a) studied the effect of aggregate cover thickness on overall pavement 
performance and recommended 200 mm (8 in.) as the most cost-effective design thickness of 
macadam base layers in Iowa. 
In light of the above discussion, successful applications of large rocks from virgin 
mineral sources become evident in soft-subgrade remediation. However, use of large size 
recycled materials for similar applications is yet to be investigated in greater details. Therefore, 
there is a definite need for research studies that can validate the use of a wide variety of 
unconventional aggregates in both working platform and low volume road applications.  
1.7 Problem Statement 
The load-deformation behavior of unbound aggregates can be greatly influenced by various 
physical characteristics. Some of these factors can commonly be identified as particle size 
distribution, amount of fines (materials passing through 0.075 mm (or no. 200 sieve), plasticity 
of fines, moisture content, particle shape and surface texture, and compaction characteristics, etc. 
However, conventional design methodologies for construction platforms and unsurfaced 
pavements revolve around the idea of protecting the subgrade, and thus, subgrade strength 
inevitably becomes the sole input for the design thickness of aggregate cover (Mishra and 
Tutumluer 2013). Such recipe based approach overlooks the contribution of factors above. For 
example, the IDOT Subgrade Stability Manual (SSM) requires a 30.5-cm (12-in.) thick 
aggregate cover for a CBR (California Bearing Ratio) = 3% subgrade. However, a previous 
research study at the University of Illinois has shown that even a thicker layer of poor quality 
uncrushed gravel over a subgrade with similar strength can undergo shear failure at minimal 
traffic in comparison to a thinner unbound layer consisting of good quality crushed stones 
(Mishra et al. 2013). 
The objective of the aforementioned study (also referred to as ‘ICT R27-81’ study) was 
to establish aggregate cover thickness correlations with respect to the physical characteristics and 




to commonly used regular size dense-graded base course aggregates, three different aggregate 
subgrade materials were also used to construct full-scale test sections for evaluation of rutting 
performance under accelerated pavement testing.  The aggregate subgrade materials consisted of: 
(a) D6 rock fill for subgrade- primary crusher run (largest size), (b) D3 aggregate subgrade 
gradation (intermediate size), and (c) rip rap gradation (the smallest size). A 30.5 cm (12-in.) 
thick aggregate subgrade layer was placed (capped with 15.3 cm or 6 in.) regular base course 
material) over a subgrade with engineered strength of CBR = 1%. 
Among the three materials, the D6 primary crusher run section outperformed the other 
two types of aggregate subgrade sections. On the other hand, the intermediate size D3 aggregate 
subgrade section performed the worst surviving only 63 unidirectional passes accumulating 102 
mm (4 in.) of rutting. Addition of geosynthetic separation layer proved to be beneficial since the 
number of load applications needed for the same rut depths increased almost up to three folds 
due to more uniform load distributions. To this end, IDOT’s Bureau of Design and Environment 
(BDE) issued a special provision titled as “Section 303. Aggregate Subgrade Improvement” in 
April 2012 and in light of the findings from this study, this special provision was further revised 
in September 2013 (Department of Highways 2012). 
Under the special provision of Section 303, large size crushed rocks (both virgin and 
recycled) with certain gradation bands are allowed to be used instead of typical base course 
materials in accordance with thickness requirements of IDOT SSM. Moreover, well graded 
reclaimed asphalt pavement (RAP) material (equivalent to CA06/ CA10 gradation band) was 
allowed to constitute up to 40% of a certain aggregate blend. If the same well-graded RAP was 
to be used alone in a separate aggregate layer, the thickness was restricted to 76 mm (3 in.) for 
capping layer only. On the other hand, the crushed stone specifications permitted the use of 
recycled concrete aggregates in place of crushed mineral aggregates. Even though the ICT R27-
81 study has established the validity of large size crushed stone for weak subgrade remediation, 
it is not clear whether similarly thick aggregate subgrade layer with large size aggregate blends 
(virgin versus recycled) will perform satisfactorily or not. 
Once favorable subgrade stability is achieved through the addition of aggregate subgrade 
layer, a conventional base course type aggregate cover with a certain thickness is recommended 
for flexible pavements. On the other hand, the improved subgrade is deemed sufficient for a full 




platform is not structurally credited in the existing mechanistic-empirical pavement design 
procedures. For example, a minimum of 20.3 cm (8 in.) thick Type A base course is required 
over the improved subgrade (with the assumption subgrade break-point modulus, ERI = 20.7 MPa 
or 3 ksi) according to the IDOT Bureau of Local Roads and Streets (BLRS) manual (10). The 
overall assumption of fixed modulus value for the improved subgrade is misleading, and the 
inclusion of additional base course layer may not even be economical for low volume roads with 
HMA surfacing. 
Another challenge for proper assessment of such material performance is the reasonable 
estimation of modulus properties. Modulus properties of pavement layers are the primary inputs 
for resilient response analyses in mechanistic-empirical pavement design process. These 
modulus properties are determined through repeated load triaxial testing. On a similar note, 
AASHTO T307 standard specification designated for resilient modulus of unbound aggregates 
requires the minimum specimen size to be five times the maximum particle size of the materials 
being used. Henceforth, existing laboratory equipment cannot accommodate resilient modulus 
testing of crushed rocks as large as 15.2 cm (6 in.) in diameter. To this end, a research study is 
imperative that will: 
(i) Identify the prospective compositions of large rocks (both virgin and recycled aggregates) for 
effective weak subgrade remediation in the field, and 
(ii) Evaluate performances of these large rocks in terms of as-constructed stiffness properties and 
accumulation of rutting under traffic loading. 
1.8 Research Hypotheses and Objectives 
In light of the above discussion and a brief literature review, the primary hypotheses of this 
research study are as follows:  
(a) Unconventional large rocks can adequately ensure subgrade stability within the bounds of 
existing construction platform design methodologies, 
(b) Required base course thickness over the improved subgrade can effectively be reduced by 
using such unconventional large rocks as aggregate subgrade. 





(i) Identify representative aggregate compositions consisting of large rocks (both virgin and 
recycled) to replicate the IDOT crushed stone gradation bands; 
(ii) Develop in place imaging based methodology to characterize the size and morphological 
properties (angularity, texture, etc.) of selected crushed aggregates; 
(iii) Develop a small laboratory test matrix to determine aggregate physical properties like 
particle size distribution, Los Angeles abrasion and compaction characteristics of the selected 
aggregate compositions; 
(iv) Design and construct full-scale test sections (both unsurfaced and surfaced) with selected 
aggregate types for performance comparisons and validations of individual aggregate types 
in terms of strength and stiffness properties; 
(v) Determine modulus and deformation characteristics of selected crushed aggregates based on 
finite element analyses of falling weight deflectometer responses; 
(vi) Perform accelerated pavement testing on the constructed test sections with Advanced 
Transportation Loading Assembly (ATLAS) and use “rut depth” as the primary performance 
indicator for comparison among the selected aggregate types. 
1.9 Research Approach and Study Outline  
To fulfill the aforementioned objectives, the following approaches have been undertaken to 
conduct research tasks and activities. A brief review of these research approaches and respective 
accomplishments are presented below: 
1.9.1 Literature Review 
An extensive literature review has been conducted to identify the factors that can influence 
unbound granular layer performance alongside constitutive relationships recommended by 
previous researchers for resilient modulus and permanent deformation. Existing design 
methodologies for working platforms, unpaved and low volume roads have been closely 
examined. Scientific literature and state-agency specific practices on the application of large size 
unbound aggregates were compiled. In light of the literature review, the research need to study 
unconventional large size aggregates in unbound layers is substantiated. 
1.9.2 Selection of Representative Aggregate Materials  
Representative aggregate materials to study in this project have been selected such that large size 




comparison of performances between virgin and recycled materials needed to be achieved. Upon 
discussion with Illinois Department of Transportation officials, a total of seven different 
materials were selected in the current study. For the construction of full-scale test sections, six 
out of these seven materials were used as aggregate subgrade; whereas, two out the 
aforementioned seven materials were used as capping materials. 
Four different compositions of unconventional aggregates were selected alongside three 
well-graded base course type aggregates for the current study. Two out of the four different 
aggregate types originated from primary (virgin) sources; whereas, the remainder consisted of 
varying percentages of recycled aggregates. A 100% reclaimed asphalt pavement materials was 
selected (among the three dense graded aggregates) since the IDOT special provision allows the 
use of RAP in capping and aggregate subgrade layers. The remaining two well graded aggregate 
types comprised of virgin aggregates with two different top sizes. 
1.9.3 Laboratory and Pre-Construction Material Characterization 
Considering the dimension-specific requirements of standardized test protocols, the scope of 
laboratory characterization has been limited in this study. For the well-graded materials, dry 
sieve analyses were conducted to determine the particle size distribution of selected materials. A 
state of the art imaging-based size and shape characterization technique was developed to 
evaluate the gradation characteristics and morphological indices of unconventional aggregates. 
Moisture density relationships were established for the capping materials. Monotonic triaxial 
shear strength tests were conducted to compare the strength characteristics of three different 
materials; whereas repeated load triaxial tests were carried out on capping materials for stress-
dependent and anisotropic modulus characterization. 
1.9.4 Construction of Full-Scale Test Sections and Accelerated Pavement Testing 
A 105.2 m (345 ft) long test road encompassing 24 different full-scale sections was constructed 
for the current study. The north side of the entire test road was designated for 12 working 
platforms constructed with alternating capping layers and six different aggregate subgrade 
materials; meanwhile, the south side of the test road consisted of 12 flexible pavement sections 
with 102 mm thick asphalt concrete, alternating subbases similar to the capping stones and the 
same aggregate subgrade materials. Aggregate subgrade layers comprising of unconventional 




1% to assess the adequacy of large rocks as a means for subgrade stabilization. Conversely, well-
graded aggregate subgrade layers with a reduced thickness were constructed over comparatively 
stronger CBR = 3% subgrade. 
In-place compaction characteristics of the constructed layers were established through 
nuclear gauge testing on dense-graded aggregate surfaces. Also, in situ stiffness of the 
compacted layers was assessed with lightweight deflectometer and Geogauge. Immediately after 
the completion of construction, falling weight deflectometer tests were conducted on the low 
volume road sections with asphalt concrete surfacing. Finite-element based mechanistic analyses 
of the FWD responses were conducted to determine the nonlinear modulus properties of 
aggregate subgrade materials and associated critical pavement responses. 
Accelerated pavement testing (APT) was conducted on the constructed test sections with 
a 44.5-kN (10-kip) unidirectional load moving at a constant speed of 8 km/h (5 mph). Rutting 
was deemed to be the primary mode of failure in this study. Surface rutting in working platform 
sections was periodically monitored with a customized dipstick up to failure or 4,000 passes. 
Since the low volume road sections were paved with high modulus asphalt concrete materials, 
rutting was monitored periodically up to 40,000 passes in respective sections. Besides 
monitoring the rutting progression, air-coupled ground penetrating radar was used for qualitative 
assessment of subsurface deformations. Followed by the APT, in situ strength profiles of as-
constructed layers in working platform sections were determined with a variable energy 
penetrometer and dynamic cone penetrometer. Moreover, a geo-endoscopic imaging technique 
was adopted to identify the layer interfaces and depth of water table. 
Finally, findings from the laboratory and in situ material characterization and accelerated 
pavement testing were compiled to quantify the benefits of large-size aggregate applications in 
weak subgrade remedial efforts. A set of guidelines was established for in place material 
characterization to ensure satisfactory long-term performance of the aggregate subgrade layers 
constructed with unconventional materials.  
1.10 Outline of This Dissertation 
Figure 1.4 provides the schematic outline of this Ph.D. dissertation. This schematic outline also 




(a) Chapter 1 provides the background information on unbound aggregates, the current state of 
recycled material use in the United States, scarcity of scientific literature on unconventional 
aggregate behavior and the potential benefits of unconventional materials in unbound layers 
and low volume road applications. Thus, Chapter 1 establishes the need for the research 
study.  
(b) Chapter 2 briefly discusses the existing design methodologies for construction platform and 
flexible pavement for low volume roads with large size aggregate subgrade material. It also 
summarizes the factors that affect the performance of these large rocks. Furthermore, it 
introduces some of the recent studies involving life cycle analyses (LCA) of large size virgin 
and recycled aggregates. 
(c) Chapter 3 discusses the preliminary results from laboratory characterization including 
particle size distribution, abrasion resistance, compaction characteristics, permanent 
deformation, shear strength and resilient modulus characterization of selected materials. 
Application of image segmentation technique to quantify aggregate morphological properties 
has also been discussed concisely. Chapter 3 also includes the results from dynamic modulus 
testing of hot mix asphalt (HMA) materials. 
(d) Chapter 4 lays out the design, construction and quality control effort for full-scale test 
sections encompassing aggregate subgrade layers with large size aggregates. 
(e) Specifics of accelerated pavement testing (APT) on the constructed test sections, surface rut 
determination, and corresponding forensic investigation are presented in Chapter 5. 
(f) Chapter 6 presents the finite-element based back calculation of nonlinear stress dependent 
modulus properties from FWD responses.  Corresponding critical pavement responses are 
used to normalize the effect of HMA thickness variation such that an objective comparison of 
the aggregate subgrade performance can be done. FWD deflection basin parameters are also 
examined to identify the specific trends in the load-deformation behavior of unconventional 
aggregates. 
(g) Chapter 7 summarizes the findings from accelerated pavement testing study. This chapter 
also presents an in-depth discussion on the adequacy of QC-QA approaches adopted in this 
study. Finally, this chapter highlights a set of guidelines for construction and in situ material 






Figure 1.1: Different types of pavement systems 
 





Figure 1.3: (a) Production of crushed stone in the United States (Willett 2013); (b) Material 
distribution in national highway system (Sullivan 2006); (c) Mineral aggregate use in United 
States (Langer and Glanzman 1993); and (d) Energy associated with aggregate crushing 









CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
This chapter discusses the unbound granular material (UGM) behavior in layered pavement 
systems and lists factors influencing UGM performance. A thorough understanding of the 
mechanistic-based load distribution and failure mechanisms governing unbound aggregate layer 
behavior under roadway traffic is essential for improved pavement design and performance 
prediction. To this end, typical base/ subbase course stress states under repeated wheel loads are 
explained at the beginning of this chapter. Followed by that, two of the most important 
components of UGM behavior, i.e. resilient response and permanent deformation accumulation 
are discussed in details in conjunction with constitutive mathematical models that are used to 
describe those two components. Design methodologies for unsurfaced pavements (also referred 
to as construction platforms) and low volume roads are briefly explained thereafter. The 
subsequent section defines the unconventional unbound materials used in pavement layers 
nowadays and how these materials fit into the existing design methodologies currently. As the 
current study involves accelerated pavement testing (APT), this chapter also furnishes a brief 
review of APT studies related to UGM behavior in unsurfaced pavements and low volume roads. 
Finally, a concise discussion on life cycle analyses of various pavement applications is 
presented. Considering the sheer size of some of the tables, all of the relevant figures and tables 
are presented at the end of this chapter. 
2.2 Typical Stress States and Deformation in Pavement Unbound Layers 
In a recent National Cooperative Highway Research Synthesis, Tutumluer (2013) documented 
that pavement stresses can be classified in two different categories namely initial in situ stresses 
and stresses due to moving wheel load. Overburden stress and compaction induced residual 
stresses are referred to as the initial in-situ stress which are static in nature. The initial in-situ 
stresses are typically lower at shallow depths than at greater depths. Residual stresses induced by 
compaction are compressive in nature and contribute to the static stress states in unbound 
granular layers (Barksdale 1991; Uzan 1985). The dynamic stresses owing to the moving wheel 
loads are much higher in magnitude in comparison to the static stresses. The passage of a moving 




layers. Notably, the stresses acting on a given element can be described by its normal and shear 
stress components. Three mutually perpendicular planes exist for any typical stress state through 
any point in a body where no shear stresses act. Resulting stresses on these planes are defined as 
the principal stresses and designated by 1, 2 and 3. The principal stresses are physical 
invariants independent of any co-ordinate system. 
When subjected to a moving wheel load, a typical pavement element undergoes a rotation 
of principal stresses. Such rotation of principal stresses can be illustrated through vertical, 
horizontal and shear components as presented in Figure 2.1. When the moving wheel 
approaches, the pavement element experiences extension where the horizontal stress is greater 
than the vertical stress. Both of the aforementioned stress components reach their peak values 
when the moving wheel is right on top of the element. However, at this point, the magnitude of 
vertical stress is much higher than that of horizontal stress leading to the state of compression. 
As the wheel moves away from the pavement element, the stress-state shifts from compression to 
extension again. In unbound granular layers, the magnitude of vertical and horizontal stress 
components remain positive under moving wheel load; whereas, the shear stress component 
reverses owing to the rotation of principal stress axes (Lekarp et al. 2000a). 
Werkmeister (2003) documented that applied stresses influence the deformation 
resistance of unbound granular materials. Figure 2.2 shows the two major behaviors of UGMs 
under applied stresses namely: strain hardening and strain softening. At a stress level below the 
strength of the material, stiffness of a UGM base/ subbase course increases with increasing 
magnitude of load leading to strain hardening behavior. This can be attributed to the 
densification of the granular matrix through particle reorientation. Conversely, at a stress level 
near or beyond the strength of the corresponding material, strain softening occurs as the 
volumetric strain continues to increase.  
Unbound granular layers undergo a large number of cyclic/ repeated loads over the 
service life. The deformation/ strain response of such layer can be characterized by two key 
components namely recoverable (resilient) and permanent deformation. Figure 2.3 exhibits the 
two strain components exhibited by UGMs. In each load cycle, a portion of the total axial strain 
recovers; whereas, the remainder incrementally accumulates as permanent deformation leading 
to surface rut in unsurfaced and flexible pavements. Resilient and permanent strains can occur 




certain amount of rest period owing to the spacing between vehicle axes and the time between 
two consecutive vehicles. As presented in Figure 2.3, the stress-strain behavior of UGM can be 
illustrated by a nonlinear curve, which is not retraced upon the removal of applied stress during 
the rest period. Conversely, the strain response forms a hysteresis loop. 
Luong (1982) hypothesized that three different mechanisms namely: consolidation, 
distortion, and attrition are responsible for deformation in unbound materials. Consolidation 
refers to the change in shape and compressibility of granular matrices; such phenomenon can be 
observed in poorly compacted unbound layers. On the other hand, distortion is associated with 
bending, sliding and rolling of individual particles. Deformation related to distortion occurs if a 
significant portion of granular materials used in a pavement has flat and elongated shape. 
Furthermore, frictional characteristics of the granular assembly can also govern the resistance to 
sliding and rolling. 
The following sections summarize the literature on the resilient and permanent 
deformation behavior of unbound granular materials. The attrition mechanism involves crushing 
and breakage under a load/ stress level exceeding the strength of corresponding particles. At a 
macroscopic level, the observed deformation may either be volumetric or shear in nature or the 
combination of both. Over the years, numerous laboratory and field studies have been 
undertaken to investigate the complex behavior of granular materials. The following sections 
highlight the summary of relevant literature describing the contributing factors and mathematical 
models for characterizing unbound granular aggregates. 
2.3 Laboratory Characterization Tests for Unbound Granular Materials 
Currently, various types of performance tests exist to investigate the performance of unbound 
aggregates. Laboratory testing allows the researchers to control certain factors such as applied 
stress, particle size distribution, moisture content etc. that govern unbound granular material 
(UGM) behavior. That way, laboratory testing offers significant flexibility to conduct parametric 
studies on granular material behavior. On the other hand, in situ testing should provide the most 
representative characterization of such materials; however, replicating and controlling actual 
loading conditions and measuring the response accordingly have been quite challenging for 
researchers. Some of the existing in-situ tests such as California Bearing Ratio, plate load tests 




load. On the contrary, devices like falling weight deflectometer, dynamic plate load test employ 
dynamic loads which, to some extent, can simulate actual traffic loading situations. Contrary to 
the laboratory characterization and in situ tests, accelerated pavement testing is deemed to be the 
most realistic approach to reproduce the repeated stresses caused by moving wheel load. Full-
scale test facilities such as National Airport Pavement Test Vehicle at William J. Hughes 
Technical Center (Federal Aviation Administration), accelerated transportation loading 
(ATLAS) assembly at Illinois Center for Transportation have been effectively used to study 
UGM behavior (Donovan 2009; Mishra 2012). In light of the above discussion, the ensuing 
subsections will briefly discuss various laboratory characterization tests that have been widely 
used to study the resilient and permanent deformation behavior of unbound aggregates. 
2.3.1 Repeated Load Triaxial Tests 
The repeated load triaxial test (RLT) simulates the stress condition under moving wheel load 
through the application of repeated load deviator stress (d) on a cylindrical specimen 
conditioned at a certain static confining stress (3) (Brito 2011). Although during the passage of 
a wheel load, principal stresses within the pavement rotate due to shear stress reversal; the 
triaxial test device can only accommodate axisymmetric loading condition. Steven (2005) listed 
the following characteristics typical of a repeated load triaxial test device as shown in Figure 2.4: 
i. The loading system can either be servo-hydraulic or pneumatic; 
ii. The load control can have open or closed loop feedback; 
iii. The loading ram and cell cap interface can either be a double linear bearing with a rolling 
diaphragm seal or a bronze bushing with an O-ring seal; 
iv. The loading magnitude can be measured external or internal to the load cell; 
v. Axial displacement can be measured external to the load cell or from on-specimen linear 
variable differential transformers; 
vi. The confining medium can have air, water or oil interface; 
vii. Radial displacement can also be measured optionally for volumetric strain; 
viii. The confining pressure can be constant (Constant confining pressure [CCP]) or cycled in 
or out of phase with the axial load (Variable confining pressure [VCP]). 
 Based on previous literature review, Steven (2005) also documented that the 




particle size and 2:1, respectively. The RLT can be used to characterize both resilient and plastic 
properties of soils and granular materials. For RLT tests with constant confining pressure, the 
resilient modulus is defined as the ratio of peak axial cyclic deviator stress (d) to the peak axial 
recoverable strain (r). The current AASHTO T307 standard specification for resilient modulus 
recommends CCP approach and was developed on Long-Term Pavement Performance (LTPP) 
protocol P46. Details of this test procedure can be found elsewhere (AASHTO 1999). 
Calculation of resilient modulus for VCP approach is more complex than that of CCP approach. 
Considering isotropic linear elastic solid, Hooke’s law can be applied to determine the resilient 
modulus with VCP approach according to the following equation: 
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where: 
 ∆1 = total change in axial stress; 
 ∆3 = total change in confining stress. 
 Allen and Thompson (1974) documented that CCP tests yielded higher resilient modulus 
values compared to the VCP tests. The researchers also observed higher magnitude of lateral 
deformation and Poisson’s ratio. Figure 2.5 shows the results from CCP and VCP tests as 
presented by Allen and Thompson (1974). Conversely, Brown and Hyde (1975) concluded that 
both VCP and CCP approaches can provide similar resilient moduli if the confining pressure in 
CCP test is equal to the average value of pressure used in the VCP test. Brown and Hyde (1975) 
also reported a decreasing trend in Poisson’s ratio for VCP tests with the increase in ratios of 
deviator stress to confining pressure and vice-versa for CCP tests.  
2.3.2 UI-FastCell 
The UI-FastCell is a variant of standard RLT device developed at the University of Illinois. The 
primary motivation for developing this device was to assess the stress-induced anisotropic 
behavior of unbound granular materials (UGM) and conduct extension type variable confining 
pressure tests on UGM. A brief discussion on the anisotropic behavior will be included later in 
this chapter. Figure 2.6 shows the UI-FastCell triaxial testing device. This particular device has 




i. Unlike the conventional RLT specimen, UofI FastCell specimen has a height to diameter 
ratio of 1:1; Notably, Seyhan and Tutumluer (2002) reported that resilient modulus 
values obtained from UI-FastCell tests were in close proximity to those of conventional 
RLT tests in accordance with AASHTO T307 standard specification; 
ii. The mounted specimen can be pulsed in the horizontal direction through an oil based 
interface and associated deformations can be measured using the two radial LVDT’s 
integral to the membrane installed as a component of the triaxial chamber; 
iii. This particular device is capable of independent cycling of vertical and radial stress both 
in and out of phase; 
iv. The UI FastCell can apply higher cyclic radial stress than axial/ vertical stress simulating 
extension type UGM behavior under moving wheel load. 
2.3.3 Hollow Cylinder Apparatus 
The operational principle of hollow cylinder apparatus (HCA) is quite different than that of 
conventional RLT device. Unlike RLT, this device is capable of simulating principal stress 
rotation and shear stress reversal typically seen under moving wheel load. Figure 2.7 shows the 
different components of a typical HCA-device. A repeated torsion is applied to a hollow thin-
walled cylinder by rotating the top platen about the specimen axis. Realistic stress conditions can 
be replicated as both axial and lateral stress are subjected to the inner and outer cylindrical faces 
of the specimen at the same time. Chan (1990) documented the details of an HCA setup at 
University of Nottingham. The HCA specimen resembles a thick-walled tube with an external 
diameter to wall thickness ratio of 10 and height to diameter ratio of 2. Chan (1990) investigated 
the effect of principal stress rotation on the permanent deformation behavior of unbound granular 
materials (UGM) and reported that principal stress rotation leads to increased permanent 
deformation in unbound materials. Conversely, such effect is minimal on the resilient behavior 
of UGM. The major limitation of the hollow cylindrical device developed by Chan (1990) is the 
limiting maximum particle size of 4.75 mm (#4 sieve opening). The equipment is not widely 
used due to the complexity of the apparatus and limiting threshold of particle size. 
2.3.4 K-Mold 
The K-Mold was developed in South Africa as an alternative to the repeated load triaxial setup 




K-mold employs confining pressure on the specimen using a steel mold attached with elastic 
springs. Also, height and diameter of the specimen are similar to those of California Bearing 
Ratio test specimen. The steel mold is cut into eight equal segments which provide the lateral 
confinement with each segment reacting against the two attached springs. As the axial load is 
increased, the cylindrical specimen tries to expand radially. As a result, the lateral restraint from 
the elastic springs also increases keeping the radial stiffness fixed. This creates potential problem 
violating the two most important UGM characteristics namely stress-dependency and stress-
induced anisotropy.  
2.4 Resilient Response of Unbound Granular Materials 
2.4.1 Factors Affecting Resilient Behavior of Unbound Aggregates 
Table 2.1 summarizes a list of factors that affect the resilient deformation properties of unbound 
granular materials (UGM). Among the mechanical factors, applied stress state is the most 
dominant factor governing the resilient modulus of UGM (Lekarp et al. 2000a). Kolisoja (1997) 
concluded that the resilient modulus tends to decrease with an increase in deviator (shear) stress 
(Kolisoja 1997). On the other hand, an increase in confining stress (bulk stress) leads to higher 
resilient modulus (Monismith et al. 1967). Hicks and Monismith (1971) reported that a slight 
softening of unbound aggregates observed at low deviator stress levels as opposed to a slight 
stiffening at higher stress levels (Hicks and Monismith 1971). 
Moore (1970) reported an increase in resilient modulus with a higher number of repeated 
load cycles owing to the loss of moisture from the specimen during testing (Moore et al. 1970). 
Conversely, Hicks (1970) and Allen (1974) concluded that the magnitude of resilient modulus 
stabilizes followed by the application of 100 to 1000 cycles in a repeated load triaxial test (Hicks 
1970; Allen and Thompson 1974). Effect of load duration, frequency, and load sequence have 
minimal impact on the resilient response of UGM (Seed et al. 1967b; Morgan 1966; Hicks 1970; 
Boyce et al. 1976; Thom and Brown 1987). Mishra and Tutumluer (2013) found that resilient 
modulus increases with an increase in compaction energy for uniformly graded aggregates.  
 The degree of saturation or moisture content has been reported to influence the resilient 
response of unbound aggregates in both laboratory and field conditions. Haynes and Yoder 
(1963) reported a 50% decrease in resilient modulus as the degree of saturation reached from 




lubricating effect of moisture is the primary reason for reduced stiffness rather than lowering 
effective stress resulting from high pore-water pressure. These researchers conducted a series of 
drained triaxial tests on crushed rocks with varying saturation level and a loading frequency in 
the range of 0.1 to 3 Hz. Up to 85% degree of saturation, no noticeable pore water pressure was 
developed. On the other hand, Dawson et al. (1996) claimed that below the optimum moisture 
content, resilient modulus tends to increase with an increase in moisture content due to matric 
suction (Dawson et al. 1996). Moreover, resilient modulus starts to decrease beyond the optimum 
moisture level as a result of reduced effective stress from excessive pore water pressure.  
 The effect of density on resilient modulus is yet ambiguous. Several studies indicated that 
resilient modulus generally increases with increasing density (Trollope et al. 1962; Hicks 1970; 
Robinson 1974; Rada and Witczak 1981). Conversely, Thom and Brown (1988) and Brown and 
Selig (1991) stated that the effect of density, or the state of compaction, is relatively insignificant 
(Brown and Selig 1991). Thom and Brown (1988) investigated the resilient behavior of crushed 
limestone with different gradations and concluded that uniformly graded aggregates exhibited 
slightly higher resilient modulus compared to well-graded aggregates. On the contrary, Van 
Niekerk et al. (1998) reported higher resilient modulus for well-graded specimens than that of 
uniformly graded specimens (Van Niekerk et al. 1998). The seemingly contradictory findings 
can be attributed to the amount of fines in granular matrix. 
Surface texture and angularity can also effect the resilient modulus of unbound 
aggregates. Figure 2.8 shows the effects of fines content and aggregate types on the resilient 
behavior of UGM as reported by Tutumluer et al. (2009). Figure 2.8 (a) exhibits that higher fines 
content led to lower resilient modulus and stress hardening. Also, crushed aggregates 
consistently exhibited higher resilient modulus than that of uncrushed materials with similar 
particle size distribution and fines content owing to the enhanced aggregate interlock. Tutumluer 
synthesized the best practices for unbound granular materials and reported at 7 to 8% of fines to 
be the optimum amount of materials passing through 0.074 mm (#200 sieve) for high resilient 
modulus (Tutumluer 2013). Fines content beyond the optimum level adversely influences the 
resilient response of UGM. Tutumluer (2013) also concluded that the presence of highly plastic 





2.4.2 Mathematical Models for Resilient Modulus of Unbound Aggregates 
A mechanistic-empirical design approach incorporates two primary components: (a) mechanistic 
evaluation of critical pavement responses and (b) empirical damage models to relate the critical 
responses to corresponding failure types. Resilient modulus of granular materials is one of the 
primary inputs in the mechanistic component. Table 2.2 outlines some of the mathematical 
models for characterizing resilient modulus of unbound aggregates found in the literature. For 
the sake of simplicity, these models are presented in numbered equations where the equations are 
referenced in abbreviated form ‘Eqn.’ followed by the assigned numbers. Dunlap (1963) and 
Monismith et al. (1967) developed a simplified mathematical model correlating the confining 
stress to the resilient modulus (Dunlap 1963; Monismith et al. 1967). Such an expression solely 
based on confining stress largely overlooks the deviator stress originated from various types of 
loading configurations. 
 Another widely used simplified model is the K-θ model which accounts for the stress 
dependency of resilient modulus with respect to the bulk stresses Sweere (1990) conducted a 
study for validation of this model and found poor predictions of radial and volumetric strains, 
with the assumption of constant Poisson’s ratio (Sweere 1990). In another study, May and 
Witzack (1981) concluded that resilient modulus of a granular layer is also dependent on shear 
strain induced by applied deviator stress (May and Witczak 1981). 
 The aforementioned methods are intended to explain material hardening behavior which 
is common in granular materials. Contrary to that, researchers have also proposed models that 
simulate stress softening behavior of typically fine-grained soils. Seed et al. (1967) introduced a 
model (Equation [Eqn.] 2.2-3 in Table 2.2) to explain stress softening behavior (decreasing 
resilient modulus with increasing shear stress) of unbound aggregates alongside stress-stiffening 
stress dependency (Seed et al. 1967a). Thompson and Robnett (1979) developed a bilinear model 
as presented in Eqn. 2.2-4 of Table 2.2 for stress softening behavior of subgrade soils (Thompson 
and Robnett 1979). 
 Eqn. 2.2-5 presents the universal resilient modulus model developed by Uzan (1985).This 
model acknowledges both stress-stiffening and stress-softening nature of pavement materials. 
Later on, the preceding formulation was modified as Eqn. 2.2-6. Elliot and Lourdesnatham 
(1989), Niekerk and Huurman (1995) used the resilient modulus models listed in Eqn. 2.2-9 and 




David 1989; Niekerk and Huurman 1995). Yau and Von Quintus (2002) investigated the resilient 
response of representative granular materials from various pavement sections of the long-term 
pavement performance program. The constitutive model presented in Eqn. 2.2-22 was found to 
be an excellent fit for 92% of the LTPP test data. Based on this conclusion, the aforementioned 
model was selected for use in the development of the mechanistic-empirical pavement design 
guide as introduced through NCHRP 1-37A research project. This model adequately 
characterizes both stress-softening and stress-hardening behavior by using the bulk stress and the 
shear stress components. 
 Apart from the above-mentioned models other researchers have also developed 
constitutive models incorporating other parameters for better prediction of stiffness response. A 
list of other prevailing constitutive models has been enclosed in Table 2.2. Considering the 
limited scope of this dissertation, detailed discussion on such models has been intentionally 
omitted and can be found elsewhere (Lekarp et al. 2000a; Seyhan and Tutumluer 2002). 
2.4.3 Stress-induced Anisotropy in Unbound Granular Layers 
Conventional design methodologies and test measures assume pavement systems are isotropic 
where modulus property of a granular base/ subbase layer is the same in all directions. Research 
by the International Center for Aggregate Research (ICAR) and University of Illinois has proved 
that this assumption is not applicable to pavement systems, especially for unbound aggregate 
layers (NSSGA 2013). If a linear isotropic model is used to characterize unbound aggregate layer 
behavior, the analysis yields tensile stresses at the bottom of the aggregate base. Henceforth, the 
cross-anisotropic behavior is an important factor that needs to be considered for predicting 
accurate stress distribution through the granular base. 
 An unbound aggregate layer generally exhibits two distinct types of anisotropic behavior: 
(i) inherent anisotropy and (ii) stress-induced anisotropy. During placement of the unbound 
layers, aggregate particles tend to align their longest dimension in the horizontal direction 
leading to inherent anisotropy. On the other hand, as discussed in the above paragraph, stress-
induced anisotropy originates from continuous stress rotation under moving wheel load under 
construction operations and traffic. Barksdale et al. (1989) stated that cross-anisotropic modeling 
of unbound aggregates is essential for better prediction of pavement responses (Barksdale and 




named ‘GT-PAVE’ incorporating cross-anisotropic behavior representation in a stress-dependent 
Uzan type model (Eqn. 2.2-5, Table 2.2) for resilient modulus. Note that, the ratio of horizontal 
modulus to vertical modulus is the primary measure of the degree of anisotropy. Tutumluer 
observed that the cross-anisotropic representation of an unbound aggregate layer led to better 
prediction of several critical responses at the same time in a pavement system (Tutumluer et al. 
2003). Moreover, it also predicted 75% less horizontal tensile stresses in the granular layer 
compared to the isotropic elastic analysis of that base layer. 
2.5 Permanent Deformation Accumulation of Unbound Granular Materials 
2.5.1 Factors Affecting Permanent Deformation Behavior of Unbound Aggregates 
Table 2.3 summarizes the contributing factors that govern the permanent deformation 
accumulation of unbound granular materials (UGM). These critical factors can be subdivided 
into two major categories: (i) Mechanical or load related factors and (ii) Material properties. 
2.5.1.1 Load-related Factors 
Previous literature indicates that shear stress (applied deviator stress), principal stress rotation, 
number of load repetitions and confining pressure have significant bearing on permanent 
deformation response of UGM (Lekarp et al. 2000b; NSSGA 2013). Also, permanent 
deformation of a triaxial specimen with constant density and moisture content is controlled by 
the magnitude of applied deviator stress (NSSGA 2013). Figure 2.9 exhibits the effect of 
deviator stress ratio on the permanent strain of crushed granite with 3% fines content (Barksdale 
1972). As shown in the aforementioned figure, Barksdale (1972) reported that rutting (permanent 
deformation) in granular materials increases when the confining pressure is decreased or the 
deviator stress is increased. The same study concluded that the magnitude of axial strain 
increases linearly with the logarithm of the number of load repetitions. Further, each stress 
repetition contributes to the accumulation of permanent deformation leading to rutting in the 
granular layer. Lekarp and Dawson (1998) reported that such accumulation stabilizes if the 
existing stress state is well below the static failure line. Conversely, permanent deformation trend 
exhibits gradual collapse under high stress condition. On a similar note, Sweere (1990) 
concluded that permanent deformation potential of UGM increases when the ratio of cyclic 




that principal stress rotation associated with moving wheel significantly accelerates permanent 
deformation damage in unbound granular layer (Kim 2005). A similar observation was also 
made by Chan (1990) as mentioned in Section 2.3.3. 
 Brown and Hyde (1975) showed that permanent deformation produced by successive 
load cycles with increasing stress levels is significantly smaller than that originating from 
instantaneous application of the highest deviator stress. Similarly, Monismith et al. (1975) 
documented that stress sequence (history of stress applications) can significantly influence 
permanent deformation accumulation of UGM as illustrated in Figure 2.11. The rate of 
permanent deformation accumulation was found to be the highest for specimens without the 
stress repetitions and directly subjected to higher deviatoric stress state. 
Barksdale (1991) conducted multi-stage permanent deformation test on unbound 
aggregates and found that smaller permanent deformation occurs if the initially applied stress 
level is higher than the subsequent stress level (Barksdale 1991). Wichtmann (2005) concluded 
that static preloading helps to reduce rutting in granular materials by stabilizing the grain 
skeleton (Wichtmann 2005). Figure 2.12 shows the effect of stress history on permanent 
deformation trends as reported by Kim (2005). Permanent strain observed from low to high 
previous stress loading was found to be considerably smaller than that from high to low stress 
loading tests. 
 Barksdale (1971) studied the relationship between stress pulses and vehicle speed with 
respect to the depth of corresponding pavement system. Figure 2.13 shows that vehicles 
traversing at a speed ranging from 24 to 72 km/h correspond to equivalent pulse durations of 
0.02 to 0.4 seconds. Slow moving vehicles contribute to the increased accumulation of rutting in 
granular materials. Lourens (1995) reported that deflection drastically changed as the traffic 
speed increased from 0 to 20 km/h. As shown in Figure 2.14, in case of a single axle weighing 
125 kN, a 45% of reduction in deflection was noticed for the corresponding speed change. Corte 
et al. (1994) reported a 20% to 35% reduction in permanent deformation for a 15% increase in 
vehicle speed within the range of 40 km/h to 50 km/h. Hence, travel speed and loading frequency 
should be carefully considered during both laboratory and full-scale tests such that a specific 




2.5.1.2 Material Related Factors 
 As shown in Table 2.3, rutting (permanent deformation) failure is directly linked to 
material shear strength. Therefore, factors conducive to the shear strength of a given aggregate 
can also contribute to the reduction in permanent deformation. According to a National Crushed 
Stone Association study, increasing the maximum aggregate size led to lower accumulations of 
permanent deformation and higher shear strengths (Gray 1962). Aggregate packing condition 
and compaction effort can affect the rutting performance of unbound materials as well. Thom 
and Brown (1988) investigated the effect of packing on permanent deformation in terms of 
grading parameter ‘n’. This particular parameter can be determined by fitting the particle size 












 P = percent passing through an equivalent sieve opening ‘d’; 
 D = maximum particle size. 
 In 1962, Federal Highway Administration published a modified version of the above 
equation where the grading parameter ‘n’ is equal to 0.45 representing the maximum density 
line. For dense graded unbound granular materials, the value of ‘n’ generally falls within the 
range of 0.42 to 0.45. Unbound granular material with grading parameter outside the 
aforementioned limits is likely to undergo higher magnitude of permanent deformation. Figure 
2.15 shows the effect of grading on the accumulation of permanent strain from Thom and 
Brown’s (1988) study. As the grading parameter evolved from 0.25 to 5.0, the resulting particle 
size distribution shifted from densely graded to uniformly graded. For lightly compacted 
material, the permanent strain decreased initially with the increase in grading parameter and 
beyond the threshold value of 0.7, the permanent strain increased again. Conversely, the heavily 
compacted material exhibited an opposite trend. Also, the degree of compaction was found to be 
dominant over the grading in limiting the permanent strain. 
 Fines content in excess of the required amount for maximum dry density contributes to 




and deviator stress ratio on the permanent deformation behavior of crushed granite as reported by 
Barksdale (1972). Although such effect is non-existent at low stress state; as the deviator stress 
increases with respect to the confining pressure, a significant increase in permanent deformation 
can be noticed in response to the increasing fines content. Rutting accumulation can further 
exacerbate if the unbound layer has a wet of optimum moisture condition or high level of 
saturation. 
 Haynes and Yoder (1963) documented the effect of saturation on UGM rutting behavior. 
Despite the fact that small amount of moisture acts a cohesive medium for the unbound 
materials; wet of optimum or even near optimum moisture can develop significant pore water 
pressure and reduce the effective stress. Figure 2.17 clearly shows a significant increase in 
deflection as the degree of saturation surpassed the threshold of 85%. Tutumluer et al. (2009) 
concluded that highly plastic fines facilitate higher accumulation of permanent deformation and 
reduced shear strength (Tutumluer et al. 2009). In that study, the researchers conducted resilient 
modulus tests on uncrushed gravel and crushed dolomite at wet of optimum moisture conditions. 
Both of the aggregate types had 12% fines and in case of gravel, another specimen was prepared 
with the same amount of plastic fines in lieu of non-plastic fines. The accumulation of permanent 
deformation was monitored throughout the conditioning phase. Uncrushed gravel specimen with 
12% plastic fines prematurely failed during the conditioning phase as shown in Figure 2.18. 
Besides the aforementioned factors, lower angularity and surface texture can also contribute to 
higher rutting accumulation of unbound aggregates. In an accelerated pavement study, Mishra 
and Tutumluer (2013) found that rutting in construction platforms constructed with crushed stone 
is significantly smaller than that in working platforms constructed with uncrushed gravel (Mishra 
and Tutumluer 2013). Even with a thinner layer, crushed stone sections outperformed uncrushed 
gravel sections. 
2.5.2 Models for Permanent Deformation Behavior of Unbound Aggregates 
Permanent deformation accumulation of unbound aggregates has been modeled by several 
researchers using different physical characteristics and stress state variables (Brito 2011), i.e. 
i. Modeling of permanent strain and number of cycles – (Barksdale 1972; Monismith et 




ii. Modeling of permanent strain and stresses – (Lashine et al. 1971; Barksdale 1972; 
Pappin 1979; Nishi et al. 1994; Lekarp and Dawson 1998); 
iii. Correlations between resilient and plastic behavior – (Veverka 1979); 
iv. Correlations between static and dynamic loading – (Lentz and Baladi 1981); 
v. Permanent deformation moduli – (Jouve et al. 1987); 
vi. Shakedown theory – (Sharp and Booker 1984; Werkmeister et al. 2001). 
 Based on literature review, Table 2.4 lists some of the existing models for predicting 
permanent deformation of granular materials. A brief summary of some of these models is 
presented in the upcoming discussion. Note that majority of these models are based on 
permanent strain within the plastic shakedown limit (plastic deformation stabilizes followed by a 
certain number of initial load repetitions). The primary objective of such models is to assess the 
long-term performance of granular materials through the evaluation of permanent strain. Lashine 
et al. (1971) developed a mathematical model for permanent strain in relation to stress state. 
However, this particular model does not account for number of load repetitions which may result 
in the misleading assessment of permanent strain. Barksdale (1972) observed that if the repeated 
deviator stress in a cyclic triaxial test is plotted against the permanent deformation at a given 
number of repetitions, the trend follows the Duncan and Chang hyperbolic model. Henceforth, 
Barksdale (1972) and later Monismith et al. (1975) developed a permanent deformation model 
similar to that of Duncan and Chang by substituting the elastic strain input with permanent 
deformation. 
 Monismith et al. (1975) for the first time proposed the phenomenological model which 
nicely correlates permanent deformation to the number of load repetitions.  Paute et al. (1988, 
1996) recommended the use of asymptotic permanent deformation models as presented in Eqn. 
2.4-10 and Eqn. 2.4-13. Theyse (2001) introduced a permanent deformation model (as presented 
in Eqn. 2.4-18) accommodating both plastic shakedown and plastic creep response through the 
use of slope parameter, ‘d’ (Theyse 2001). Both Wolff et al. (1994) and Theyse (2001) proposed 
very similar two-component models correlating permanent deformation to the number of load 
repetitions. Similar to Veverka’s model, the AASHTOWare M-E PDG uses a resilient strain 
based permanent deformation model (Eqn. 2-4-23) originally developed by Tseng and Lytton 
(1989). This particular model uses a field calibration factor obtained from material and 




Lytton 1989). Some researchers have also recently tried to incorporate shear strength and 
aggregate morphology factors in permanent deformation models (Chow 2014; Xiao et al. 2015). 
2.5.3 Shakedown Behavior of Unbound Aggregates 
The essence of shakedown analysis is to establish a critical threshold for applied wheel loads 
such that premature failure in granular pavement for a given set of material types, layer 
thicknesses, and environmental conditions can be avoided (Sharp and Booker 1984; Werkmeister 
et al. 2001). Under long-term repeated loading scenario, unsurfaced or thinly surfaced pavements 
operating over a critical threshold load are expected to accumulate permanent strain at an 
expedited rate. Conversely, pavements functioning below the threshold load level generate 
rutting distress initially and then, the accumulation stabilizes without any significant plastic 
deformation. Notably, the shakedown approach is not specifically an elasto-plastic model, as it is 
designed to establish the limits within which the corresponding unbound layer may operate 
rather than modeling the strains (Brito 2011). 
Notably, the applied stress should be within a limiting percentage of individual material 
strength so that the unbound layer exhibits stable behavior in terms of permanent deformation 
accumulation. That’s why the understanding of stress ratio (ratio of applied stress to shear 
strength) is essential to avoid premature failure of the unbound layer. Thompson and Bejarano 
(1997) concluded for subgrade soils the deviator stress exerted by moving wheel load should not 
exceed 60% of the strength value to avoid such failure (Thompson and Bejarano 1997). Since the 
loading scenario in an actual pavement is cyclic in nature, derivation of shakedown stress from 
lower and upper bound theorems and using friction angle and cohesion from monotonic shear 
strength tests have been debated previously (Arnold 2004). 
The shakedown approach implies that the resilient strain associated with the critical load 
level must be known and should not be exceeded to resist any further permanent deformation 
accumulation. Dawson and Wellner (1999) categorized the shakedown behavior in three distinct 
ranges namely: A, B, and C as shown in Figure 2.19. 
i. Range A: At stress level below the plastic shakedown limit, the incremental plastic 
deformation (gain in plastic deformation per cycle) reduces with increasing number 




behavior is generally observed during the compaction phase and the permanent strain 
rate per load cycle decreases until the response becomes entirely resilient. 
ii. Range B: This stage is also known as plastic creep shakedown range where the 
material response is initially similar to that of plastic shakedown range during the 
compaction period. In case of repeated load triaxial test, if the number of load cycles 
exceeds 2 million, Range B can eventually be considered Range A without any 
perceivable rutting accumulation. If the permanent deformation continues to increase 
after 2 million cycles, Range B should be interpreted as Range C (incremental 
collapse). 
iii. Range C: The incremental collapse in unbound layers occurs when permanent 
deformation rate per load cycle exhibits rapid increase despite the compactive effort 
to stabilize the rutting accumulation.  
Werkmeister (2003) proposed a limiting permanent strain for the Range A to B boundary 
to be 4.5  10-5 mm/mm accumulated from 3000 to 5000 load applications during a repeated load 
triaxial test. In that same study, a limiting threshold of 4.0  10-4 mm/mm was proposed for 
Range B-C boundary over the span of 3000 to 5000 load cycles. Several other researchers 
attempted to identify the permanent deformation trends with respect to limiting values of 
incremental strain rate Note that the observed deformation patterns are empirical in nature and 
material specific. These limiting values can also be greatly influenced by traffic conditions and 
seasonal effects like moisture content and degree of saturation. 
2.5.4 Modes of Rutting Aggregate Surface Layers 
A proper understanding of rutting modes is essential to identify the zone of failure and 
contributing factors. For unbound granular layers, Dawson and Kolisoja (2006) documented four 
different rutting mechanisms namely Mode 0 through Mode 3. The aforementioned rutting 
modes are illustrated in Figure 2.20. 
i. Mode 0: This mode of rutting is in general associated with compaction induced 
densification prior to trafficking. To a small extent, such mode of rutting is conducive to 
the stiffness of unbound granular layer (UGL) and in turn, leads to better load 




expected to be small and ideally, the subgrade should not undergo any kind of 
deformation. 
ii. Mode 1: This type of rutting mode is generally observed in weaker granular materials 
over sufficiently stable subgrade materials The UGL exhibits considerable shear 
deformation and accordingly, a dilative heave can be noticed along the sides of the wheel 
path/ wander. Such failure can be attributed to the inadequate shear strength of the 
unbound aggregates. Alike Mode ‘0’, the subgrade should not exhibit any sign of 
permanent deformation. 
iii. Mode 2: Mode 2 refers to the shear deformation within the subgrade and granular layer. 
Such mechanism can be seen if the aggregate quality is better and the entire unsurfaced 
pavement ruts as a mat. Ideally, the depression in the granular layer should not induce 
any reduction in UGL thickness through the material flow to the sides of the wheel track. 
Because of the deformation in both layers, rehabilitation of unsurfaced pavements 
becomes more critical under this mode of rutting. 
iv. Mode 3: Particle damage (e.g. attrition or abrasion) can be associated with this type of 
rutting mode and may misleadingly be interpreted as Mode ‘0’. However, the 
contributing mechanism is completely different. Inadequate particle toughness and high 
flat and elongated particle ratio promote this type of rutting. 
Typically, ruts in roadways constitute from the combined effects of above modes. It is 
expected that Mode 1 is more prominent in forest roads with channelized traffic; whereas, Mode 
2 is expected to be more evident in roadways with wandering traffic. 
2.6 Effect of RAP Inclusion on Modulus and Permanent Deformation Behavior of Unbound 
Granular Layer 
Enhanced use of recycled materials in the construction of pavement layers has been widely 
considered as an environment-friendly and sustainable construction practice. Despite the 
continuous increase in the use of reclaimed asphalt pavement (RAP) materials in asphalt 
concrete materials, a large quantity of the RAP materials being produced in the United States 
remains unused. Recent studies have indicated that such waste can be minimized through the use 
of RAP in unbound granular layer leading to the preservation of non-renewable mineral 




better understanding of the mechanical behavior of RAP materials is quintessential to optimize 
the use of RAP in unbound granular layer. To this end, the following subsections provide a brief 
review of literature on the modulus, strength and permanent deformation behavior of RAP 
incorporated unbound granular layers. 
2.6.1 Effect of RAP on Resilient Modulus 
Numerous previous studies have investigated the resilient modulus (MR) behavior of RAP 
blended aggregates and the general consensus is that resilient modulus increases with the 
increase in the percentage of RAP. Figure 2.21 summarizes the resilient moduli of unbound 
aggregates with different percentages of RAP in the respective material blends commonly used 
for base course applications.  Alongside the higher moduli values, the associated studies 
conducted by Abdelrahman et al. (2010), Bennert et al. (2000), Clary et al. (1997) and Cosentino 
et al. (2003) consistently exhibited an increase in the bulk-stress term (Bulk-stress [K-θ] model) 
with the inclusion of higher amount of RAP in the aggregate blends. Among the aforementioned 
literature, Clary et al. (1997) documented the lowest bulk stress term (K-value) for 0% RAP in 
the aggregate blend; whereas, Bennert et al. (2000) reported the highest K-value for 100% RAP 
blend. Based on the resilient moduli values reported at 345 kPa (50 psi) bulk stress by the 
aforementioned studies, Thakur and Han (2015) developed a statistical correlation to predict MR 
values from RAP content. The researchers also showed that the MR values tend to increase 
linearly with respect to the increase in RAP content. 
2.6.2 Effect of RAP on Strength and Permanent Deformation 
As discussed in the preceding sections, shear strength can significantly influence the rutting 
resistance of unbound aggregate layer, especially in case of unsurfaced pavements and flexible 
pavements with thin hot mix asphalt layer.  The Mohr-Coulomb theory of strength designates 
cohesion and internal friction as the two principal contributory factors governing the shear 
strength of a granular material. Researchers in previous studies have conducted monotonic 
triaxial strength tests at varying confining pressures on the RAP-aggregate blends and derived 
cohesion and friction angles from the Mohr-Coulomb failure envelopes (Attia 2010; Bejarano 





 Figure 2.22 (a) and (b) exhibit the cohesion and friction angle of granular materials from 
the aforementioned studies with varying percentages of RAP. Overall, the cohesion and friction 
angle of 100% RAP blends were in the range of 0 to 131 kPa and 44 to 52, respectively. With 
the exception of Kim and Labuz (2007), the friction angle appeared to increase with the increase 
in RAP content. On the other hand, cohesion seemed to decrease with the increase in RAP 
percentage. Notably, Thakur and Han (2015) attributed the wide variations in cohesion to 
inconsistent binder content in the RAP materials being used in the preceding studies. In addition, 
the optimum moisture content and mineral filler content (materials passing through No. 200 
[0.074 mm]) could also have been responsible for the varying degree of cohesion. 
 The California Bearing Ratio (CBR) has also been frequently used by researchers, 
practitioners and pavement engineers as an indicator of strength. Despite the widespread use of 
CBR values in various pavement design methodologies, it is not a true mechanistic property and 
should be considered with caution. Figure 2.22 (c) shows the CBR values of RAP-aggregate 
blends documented by Bennert and Maher (2005), Cosentino et al. (2003, 2012), Guthrie et al. 
(2007) and Taha et al. (1999). Overall, the CBR values decreased with the increase in RAP 
content. 
 Similar to the CBR values, unconfined compressive strength was also found to decrease 
with the increase in RAP content. Figure 2.22 (d) shows the unconfined compressive strengths of 
RAP incorporated aggregate blends reported by Ganne (2009), Guthrie et al. (2007), Taha et al. 
(1999) and Yuan et al. (2010). Although Guthrie et al. (2007) documented similar unconfined 
compressive strength at 30 and 50% RAP content, the strength decreased almost half of that 
magnitude when the percentage of RAP was subsequently increased to 75%. Overall, the trends 
of friction angle and cohesion contradicted to the trends of CBR-values and unconfined 
compressive strengths for RAP-aggregate blends. Therefore the strength parameters should be 
investigated in a broader context to justify the rutting performance of RAP-aggregate blends. 
 Figure 2.23 (a) compares the accumulation of permanent strain with respect to the 
percentage of RAP in aggregate blends as documented by Attia (2010), Bennert et al. (2000), 
Garg and Thompson (1996) and Kim and Labuz (2007). The 100% reclaimed asphalt materials 
consistently exhibited higher magnitude of permanent strain accumulation than the 50-50% 
RAP-aggregate blends. Figure 2.23 (b) further corroborates the adverse effect on rutting 




reported studies in that figure exhibited increased accumulation of permanent strain with the 
increase in percentage RAP in the respective aggregate blends. In light of the laboratory studies 
discussed above, 100% RAP would not be a suitable material for a high quality granular base 
course.  Apart from low strength and high permanent deformation potential, several researchers 
have also documented significant rate dependency and creep potential (Dong and Huang 2013). 
2.7 Design Methodologies for Unsurfaced Pavements and Construction Platforms 
2.7.1 Methods Based on Subgrade Strength 
Early efforts by the U. S. Army Corps of Engineers developed an algorithm for designing 
aggregate cover thickness over weak subgrades (Bolander et al. 1995). Existing rutting data at 
the Waterways Experiment Station for unsurfaced and HMA surfaced flexible pavements were 
utilized to establish damage models with a limiting serviceability criterion (Barber et al. 1978). 
For aggregate surfaced roads, the rutting criterion was selected to be either 51 mm (2 in.) or half 
of the total aggregate cover as dictated by the engineer’s discretion. Later on, United States 
Forest Service also adopted the damage model for aggregate surfaced road as outlined by the 










where:             
 RD = rut depth (in.); 
 Pk   =  equivalent single axle load (ESWL) (kips); 
 tp    = tire pressure (psi); 
 t      = thickness of top layer (in.); 
 R     = number of passes; 
 C1    = CBR of top layer; and 
 C2    = CBR of subgrade layer. 
 IDOT Subgrade Stability Manual (SSM) also uses a similar thickness design procedure 
based on the research findings of a multi-year study at the University of Illinois (Thompson et al. 
1977). Nonlinear finite element analyses were carried out on several pavement sections using 
railway ballast type (AREA No. 4) aggregate layer over subgrades with varying strengths (i. e. 




wheels (53.4 kN [12 kip] equivalent single wheel load) were considered as the standardized 
traffic. Based on the outcome, a definition for subgrade stability was established (as presented in 
Section 1.3). Notably, this procedure determines the required thickness by of an aggregate cover 
using the following equation, which is a function of equivalent single wheel load, subgrade soil 









t       = aggregate cover thickness (in.); 
P      = equivalent single axle load (lb); 
IBV  = immediate bearing value (unsoaked CBR [in percentage]); 
p       = tire contact pressure (psi); and 
F = 0.23logC+0.15 ; C = number of wheel passes. 
  
Design thicknesses for a selected range of subgrade strengths in terms of immediate 
bearing value (IBV) were further validated by Tutumluer et al. (2005). This study involved ILLI-
PAVE based finite element analyses using two different types of loading configurations: 88.9 kN 
(20 kip) single axle and 151.1 kN (34 kip) tandem axle (Tutumluer et al. 2005). Predicted 
deviator stresses on subgrade were found to be less than 75% of unconfined compressive 
strength of the subgrade.  Figure 2.24 presents current IDOT subgrade stability requirement 
curve with respect to varying subgrade IBV values. The updated subgrade stability manual as 
published in 2005 also included the strength and stiffness indices recommended by Thompson 
and LaGrow (2003). The design curve for aggregate cover with geogrid reinforcement indicates 
that required cover thickness can be reduced greatly at lower subgrade strengths. For a subgrade 
with IBV strength equal to or above 2%, the required unbound aggregate layer thickness is in 
general lower with geosynthetics, being relatively higher with geotextiles compared to that with 
geogrid. 
 Contrary to the IDOT procedure, the Dutch approach accounts for the variation in 
subgrade moisture characteristics, allowable magnitude of rutting and number of passes as 




strength of subgrade with deeper water table (>0.5 m beneath the aggregate base course) is 
assumed to be ten-fold higher than that of subgrade with shallow water table. This procedure 
predicts the required aggregate layer thickness with a rutting criterion in the range of 19-50 mm 
(3/4 in. to 2 in.). The design equation dictated by the Dutch approach is as follows: 
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 where: 
Nconstr  = number of axle loads; 
P  = average load (N); 
RDconstr = allowable rut depth at surface (m); 
fundr  = undrained shear strength of subgrade = cohesion, C × 1000 (Pa); 
C  = 20 × CBR (kPa) for shallow ground water table; and 
                 = 30 × CBR (kPa) for deep ground water table. 
 The UK approach determines total aggregate cover thickness through the use of 
established empirical relationships (Highways Agency 1994). The pavement foundation 
thickness varies from 150 mm (6 in.) to 600 mm (24 in.) based on the provision for a capping 
layer over aggregate subbase. Compared to the IDOT approach, this procedure requires subgrade 
strength of 15 CBR to provide adequate subgrade stability without the inclusion of subbase layer. 
For subgrade CBR in the range of 2.5 and 15, this procedure recommends two different options: 
(1) 150 mm (6 in.) of subbase could be used on a varying thickness of capping stone for 
corresponding subgrade CBR, (2) an increasing thickness of subbase could be used with 
decreasing CBR, with no requirement for capping. According to this procedure, the maximum 
allowable percentage of fines content, i.e. materials passing through No. 200 sieve (0.074 mm) is 
12%. 
 Contrary to the aforementioned recipe based approach as shown in Figure 2.26, recent 
developments through a research study have led to the adoption of a performance-based 
specification for pavement working platforms (UK Highways Agency 2009). This end 
performance-based approach is based on the in situ stiffness of an aggregate cover layer. This 
study concluded that considerable reduction in granular layer thickness can be achieved with the 




facilitates the use of unconventional materials that ensure adequate stiffness during construction. 
Moreover, as-constructed material characteristics are compared against the laboratory established 
characteristics by a representative sampling of subgrade and proposed foundation material. 
2.7.2 Methods Based on Bearing Capacity 
Considering the high magnitude of applied stress on unbound granular layers of unsurfaced and 
thinly surfaced roads, conventional elastic theory based response models may not be appropriate 
for predicting the long-term performance of these layers. As the applied stress state often 
approaches the shear strength of unbound aggregates, design methodologies based on bearing 
capacity theory may have some relative benefits over the elastic theory-based approach. McLeod 
(1953, 1954) and Broms (1963, 1964) tried to expand the traditional bearing capacity theory to 
the design of thinly surfaced pavements. Oloo et al. (1997) have recently proposed unsurfaced 
road design methodology based on the principles of bearing capacity theory. Bender and 
Barenberg (1978), Giroud and Noiray (1981) and Milligan et al. (1989) introduced the bearing 
capacity theory to determine the contribution of geotextiles in mechanically stabilized granular 
layers. Although these methods provide valid idealization of pavement behavior to some extent, 
they cannot provide precise characterization for the subgrade component of the design problem. 
Oloo et al. (1997) listed the following three major drawbacks of bearing capacity based design 
approaches: 
i. Uncertainty in the prediction of maximum loads in layered pavements; 
ii. Complexities associated with the inclusion of environmental factors in the bearing 
capacity formulation; and 
iii. Lack of suitable method to model the new generation tire imprints. 
2.8 Design Methodologies for Low Volume Roads 
Table 2.5 summarizes some of the existing low volume road (LVR) design methodologies. The 
AASHTO interim design guide (1972) procedure was developed based on the AASHO road tests 
where an empirical soil support value in the scale of 1 to 10 was the primary subgrade input for 
design (AASHTO 1972). A regional factor was also introduced to account for the environmental 
effects on pavement performance. Empirically established design monographs were used to 
determine the Structural Number leading to required design thicknesses of pavement layers. The 




initiated in the revised methodology along with six different climatic regions, effective roadbed 
soil modulus and a new scale of layer coefficient. A terminal serviceability index of 2.0 was 
recommended for both of these design methodologies. 
 National Crushed Stone Association (NCSA) methodology is also empirical in nature and 
uses cumulative gravel equivalence for the final design (NCSA 1973). Subgrade strength in 
terms of CBR (%) is used to determine the required thickness of aggregate surfacing. Traffic was 
categorized with respect to group indices whereas, frost susceptibility classification was used to 
quantify the environment related damage potential in the design procedure. Contrary to the 
aforementioned procedures, the remaining four methods in Table 2.5 use layered elastic analysis 
and resilient modulus to determine layer thicknesses to prevent reaching the limiting criteria of 
strain values (compressive strain on top of subgrade for rutting; tensile strain at the bottom of 
HMA layer for fatigue cracking) (AI 1991; Shell 1978; Austroads 1987; Austroads 2007). Note 
that despite the similarities of design approaches, each of these mechanistic-empirical procedures 
has their own damage algorithms. 
 A recent LVR survey revealed that 37 of the 48 states in the continental United States 
follow the conventional AASHTO design methodology (Hall and Bettis 2000). Notably, the 
California LVR pavement design procedure was developed in 1979. This empirical procedure 
relies on four different design inputs: (1) traffic index based on 80 kN (18-kip) ESAL, (2) 
resistance (R) value of supporting layer (from stabilometer test) and the strength of pavement 
structure or gravel factor (GF) (Caltrans 1979). Alike this method, Minnesota Road Design 
manual uses an assumed R-value on the basis of soil classification as an input. Another 
commonly used procedure involves the gravel equivalency factor in the design of LVR since this 
method is less conservative than the preceding one (MnDOT 1982). The Illinois LVR design 
methodology was developed in 1995 through research studies at the University of Illinois 
(Thompson and LaGrow 2003). Traffic information in terms of percent (%) heavy vehicles and 
critical subgrade breakpoint modulus (ERi) are the required inputs for the IDOT procedure 
(BLRS 2005). The IDOT design procedure designates low volume roads as Class IV highway 
with less than 400 average daily traffic (ADT). According to this method, a minimum of 7.6 cm 
(3 in.) HMA and 20.3 cm (8 in.) of base course are required. 
 Transportation agencies in Mississippi and Virginia use soil support value (SSV) derived 




Mississippi LVR methodology requires design life, traffic loads (in terms of percent 80 kN (18 
kip) loads), average 80 kN (18 kip) daily load (ADL) as inputs for chart based layer thickness 
determination. The Virginia procedure was originally developed in 1973 by Dr. Vaswani and 
later revised in 1996, based on the original 1962 AASHO road test results and design 
experiences in the State of Virginia (Hall and Bettis 2000). Apart from typically used LVR 
design inputs, this method requires a specific traffic growth factor. Unlike Mississippi, a 
resiliency factor (RF) is used alongside CBR to determine the SSV (SSV = CBR X RF). The RF 
is a relative value that reflects elastic deformation characteristics of the corresponding subgrade. 
Using the SSV and design ADT, a thickness index (DR) is obtained from a design nomograph. 
 Oklahoma Department of Transportation (ODOT) uses Oklahoma subgrade index (OSI) 
method for LVR (ODOT 1996). Like other state LVR design procedures, soil strength, traffic 
and design life are the primary inputs. In addition, the ODOT procedure accommodates higher 
traffic loads in the design process. For higher design loads, a design nomograph is used to 
determine STC factor based on shoulder (S), traffic (T) and climatic (C) inputs. An adjustment 
factor for equivalent base thickness (EBT) is ascertained using the STC factor in a design table. 
Finally, the equivalent base thickness from OSI methodology is revised with the adjustment 
factor. Above discussion reveals that majority of the low volume road design procedures are 
empirical in nature. Soil strength indices, traffic, and climatic factors are the principal 
supplements for such design efforts. Apart from mechanistic analysis, adequacy of these 
methodologies with respect to aggregate properties and unconventional granular compositions 
are yet to be established. 
2.9 Applicability of Unconventional Aggregates 
2.9.1 Role of Large Size Aggregates in Unbound Pavement Layers 
Unconventional aggregates usually do not meet the gradation requirements for traditional base 
and/ or subbase courses. These aggregates have large top size and can be sourced from both 
virgin and recycled sources. Common industry practices categorize the consumption of mineral 
aggregates in terms of the material quality. Table 2.6 shows the typical aggregate uses with 
respect to the relative level of material quality. Lower quality aggregates often kept aside for 




utilized for drainage basin whilst the regular size well-graded materials are utilized for asphalt 
concrete production. 
 However, using lower quality aggregates may not at all strengthen the subgrade 
condition. In a recent accelerated pavement testing study at Illinois Center for Transportation, 
Mishra et al. (2012) reported significantly poor performance of uncrushed gravel compared to 
the crushed stone counterparts. The researchers also observed shear failure within the thick 
granular layer. To this end, unconventional large aggregates can potentially bridge the gap 
between the quality material demand and long-term pavement performance through the use of 
locally available large size recycled material for subgrade improvement. 
 In a recent NCHRP Synthesis, Tutumluer (2013) surveyed on best practices for unbound 
aggregate physical characteristics, construction quality control, unbound aggregate 
characterization and design methodologies for unbound granular layers. Table 2.7 summarizes 
the maximum aggregate size in various unbound granular layers as reported by the state 
departments of transportation in that survey. Aggregate sizes exceeding 63.5 mm (2.5 in.) are 
marked with italic numbers in light grey shade. Illinois Department of Transportation (IDOT) 
allows the highest maximum aggregate size of 203 mm (8 in.) for open-graded drainage layers. 
 As discussed in Chapter 1, several transportation agencies have already demonstrated the 
potential benefits of using virgin large size aggregates for improved drainage and subgrade 
remedial applications. On a similar note, Figure 2.27 shows long-term pavement performance of 
two rock cap sections in terms of international roughness index (IRI) and rutting accumulation. 
These two particular roadway sections on the US-95 rural arterial highway had near-surface 
water table and high frost susceptibility. Since the installation of rock cap layer both of these 
sections exhibited a minimal amount of roughness and surface rut. Although such drainage layer 
may not necessarily be representative of improved subgrade, the contribution of rock cap layer in 
stabilizing the roadway performance is definitely identifiable. Despite the reported use of large 
aggregates by 15 different states and promising long-term pavement performance from several 
studies, detailed scientific literature on the performance of these large rocks and associated 




2.9.2 Problems with Conventional Stabilization Techniques 
Figure 2.28 shows the distribution of hydric soil in the state of Illinois (USDA 2009). 
Approximately, 30% of the soil in the state of Illinois is hydric in nature. Hydric soil can be 
defined as the type of soil that stays partially or fully saturated for a prolonged period of time to 
develop anaerobic conditions in the upper part of the corresponding soil type. This type of soil 
may also contain a significant amount of organic matter which may reduce the efficiency of 
traditional chemical stabilization for the respective soil type. A detailed list of the hydric soil 
distribution across the United States can be found elsewhere (USDA 2015). Unconventional 
aggregates can be efficiently used in these types of soils as a feasible stabilization method. 
 Expansive soils with high shrink-swellll potential have been successfully stabilized with 
calcium-based chemical stabilizers over the last few decades (Nelson and Miller 1992; Rogers 
and Wright 1986). Puppala (2014) documented that the effectiveness of calcium-based chemical 
stabilization on soils with high shrink-swell potential is largely dependent on clay mineralogy. 
Also, soils with same plasticity index may not necessarily have the same liquid limit and plastic 
limit. Longitudinal cracks are frequently observed in chemically treated expansive soil under 
extremely hot and dry weather condition. Chittoori (2008) listed two potential problems with 
conventional chemical stabilization of expansive soils namely (a) durability and (b) leachability. 
 Long-term durability of the chemical stabilizer relies upon its ability to adhere to the soil 
particle for a long duration without any leaching from the treated soil. Moisture movements 
during rainfall events can contribute to the leaching of chemical additive and thus, adversely 
affect the durability and sustainability of the chemical stabilization (Barenberg 1970). Thompson 
(1966) investigated the shear strength and leaching properties of lime treated soil and noted that 
leaching has a significant influence on subgrade pH, percent base saturation, and calcium 
magnesium ratios. Also, sulfate-rich soil can exhibit significant heaving owing to the Ettringite 
formation from the Calcium-Sulfate based chemical reaction (Little et al. 2005). Considering the 
above discussion, large size unconventional aggregates can be a viable alternative to traditional 
chemical stabilization for the aforementioned soil types and environmental conditions.   
2.10 Notable Accelerated Pavement Testing Studies on UGM Behavior 
Metcalf (1996) defined the full scale accelerated pavement testing (APT) as the application of 




pavement system. Unlike conventional laboratory testing, full scale APT provides better insight 
into certain material behavior since the loading scenario and pavement geometry closely 
replicate the actual traffic scenarios on a real-world structured pavements. To this date, 
numerous studies have been accomplished using various APT facilities across the world (Hugo 
and Martin 2004; Steyn 2012). The following subsections briefly discuss some of the benchmark 
APT studies on UGM behavior performed by various research facilities and transportation 
agencies. 
2.10.1 Canterbury Accelerated Pavement Testing Indoor Facility (CAPTIF) 
The CAPTIF program utilizes a simulated loading and vehicle emulator (SLAVE) vehicle to 
conduct accelerated pavement testing on a circular test track (Pidwerbesky 1995a). The speed of 
the SLAVE vehicle can be between 5 km/h to 50 km/h; whereas the magnitude of the static load 
can be varied from 21 to 60 KN. Some of the noteworthy findings from the CAPTIF studies 
related to UGM behavior are as follows: 
i. Use of dense graded well compacted unbound aggregates in conjunction with surface 
treatment (chip seal) was validated in the first APT study by Pidwerbesky (1995b). The 
effect of tire type was found to be insignificant in reference to the critical pavement 
responses like vertical compressive strain on top of the subgrade. This study also 
documented that vertical compressive strain in the subgrade and unbound granular layers 
of the pavement decreased slightly as the tire pressure increased. Vertical compressive 
strain in the subgrade and base course increased initially and then stabilized to a constant 
value under initial trafficking.   
ii. Hussain (2012) investigated unbound granular material behavior under surface water 
runoff condition in the CAPTIF facility. A total of six pavement sections were 
constructed with three different types of aggregate materials and two different types of 
surface treatments. Results from the time domain reflectometry type instrumentation 
indicated that chip seal surfaces were more permeable than originally perceived and 
moisture intrusion significantly affected the performance of unbound aggregates. This 
study also concluded that the depth of water intrusion is also dependent on the packing 




2.10.2 Australian Road Research Board Accelerated Loading Facility (ARRB ALF) 
This facility can simulate unidirectional heavy vehicle trafficking within the range of 40 to 80 
kN at a constant speed of 20 km/h using a load assembly trolley (Metcalf et al. 1985). The 
assembly trolley can accommodate tridem axle assembly and the control system provides a 
programmable interface that can replicate designated traffic wander pattern. A summary of 
notable APT studies on unbound aggregate behavior is provided below:  
i. Kadar and Walter (1989) compared the performance of crushed stone and stabilized blast 
furnace slag in the base course capped with a thin bituminous seal under the ALF. 
Accordingly, 18 different test sections were constructed and subjected 2 million passes of 
ALF loading. Both material types performed satisfactorily and pavement failures were 
primarily attributed to localized soft subgrade conditions. 
ii. Sharp et al. (1999) summarized the ALF studies conducted in the Australian facility and 
documented that the first ever ALF testing validated the use of heavy-duty unbound 
granular material with thin asphalt surfacing. 
iii. In the third ALF study, Kadar et al. (1989) investigated the performance of cement 
treated bases in six different pavement types at three different load levels. Debonding at 
the construction lift interfaces and erosion at the bottom of top layer contributed to 
premature pavement failure in this study. 
iv. In a recent ARRB study, Moffatt (2013) and Moffatt et al. (2011) investigated the effect 
of multiple axle loads on the unbound granular material (UGM) layer performance with 
ALF. Accordingly, twelve identical test sections were constructed with crushed rock base 
material surfaced with emulsion based double sprayed seals overlying an average 
strength subgrade. Preliminary results indicated that the subgrade did not exhibit any 
noticeable deformation under accelerated trafficking and the majority of the rutting was 
observed in the UGM layer. This study also concluded that the accumulated damage was 
similar for both 90 kN (20 kip) triaxle and 40 kN (9 kip) single axle assembly (Moffatt 
2016). 
2.10.3 Nottingham Pavement Test Facility 
This particular facility accommodated full-scale testing of 1.4 m deep, 4.8 m long and 2.4 m 




apply up to 15 kN load at a speed of 16 km/h. The electronic control system allows to simulate 
traffic wander under both unidirectional and bidirectional loading. A brief review of remarkable 
APT studies on UGM behavior conducted at this facility is presented below: 
i. Brown et al. (1982) studied the effect of nonwoven geotextile on unbound layer 
performance and reported that the reinforced sections with geotextiles at the bottom of 
granular layer exhibited higher rutting accumulation than the unreinforced sections. The 
researchers concluded that good friction and/ or interlock between the geosynthetics and 
the granular media were essential to produce the expected reinforcement effect. In a 
separate APT study, Chan et al. (1989) corroborated this finding and reported that 
polymeric geogrids were more effective in stabilizing the permanent deformation 
accumulation than the nonwoven geotextiles. 
ii. Brown and Brodrick (1999) investigated the field performance of thinly surfaced flexible 
pavements with varying base course thicknesses. In addition to the full-scale testing, 
repeated load triaxial (RLT) tests were also conducted on the unbound aggregates. 
Results indicated that actual trafficking has a more detrimental effect on material 
performance in comparison to the vertical cyclic load applied during the RLT test. The 
researchers also concluded that bidirectional loading expedites the rutting accumulation 
due to the shear stress reversals from moving wheel loads. 
2.10.4 South African Council for Scientific and Industrial Research (CSIR) 
This facility uses the Dynatest Heavy Vehicle Simulator (HVS) to conduct accelerated pavement 
testing studies. The fourth generation heavy vehicle simulator can apply both unidirectional and 
bidirectional wheel loads up to 200 kN (45 kips) at a maximum speed of 13 km/h (8 mph). The 
CSIR has been a pioneer in developing HVS test equipment, which has been also used by Florida 
Department of Transportation, University of California and more recently, by the Federal 
Aviation Administration. The ensuing discussion briefly summarizes the key HVS studies on 
UGM behavior: 
i. Instead of typical crushed stone base courses, Rust et al. (1992) proposed an asphalt-
treated large stone base course material for heavily trafficked pavements. Laboratory test 
results from that study were later validated through heavy vehicle simulation testing 




ii. De Beer and Grobler (1993) investigated the effect of material quality on performance of 
granular emulsion mixes. The researchers compared HVS performance of a marginal 
aggregate material with an imported good quality crushed stone in the emulsion treated 
base course. In light of the HVS performances, a new design method was proposed to 
accommodate locally available marginal quality materials. 
iii. A 10-year long HVS investigation was conducted to identify the appropriate 
rehabilitation measure for lightly cemented pavement base courses in South Africa (Steyn 
et al. 1997). Life cycle cost analysis was also conducted in terms of the maintenance 
frequency and the HVS performance. A set of guidelines for maintenance and 
rehabilitation on lightly cemented base courses was finally proposed based on the 
findings from this study. 
iv. Recently Steyn et al. (2012) evaluated six years of accelerated pavement testing (APT) 
and long-term pavement performance data for calibration of empirical damage models 
and the damage exponent was found to be 4.2 for both rutting and deflection in the highly 
trafficked sections. However, rutting data from LTPP low volume road sections 
consisting of grit seal and gravel base were found to be significantly higher than those 
from the APT data. Such discrepancy was attributed to the effect of environmental 
factors. Furthermore, the damage exponents for equivalent rutting in low volume roads 
was recommended to be five.   
2.10.5 National Airport Pavement Test Facility 
This unique facility at the William J. Hughes Technical Center near Atlantic City, New Jersey 
can simulate aircraft traffic load and various wander pattern with different types of gear 
assemblies. This rail based test vehicle is capable of replicating aircraft weighing up to 5780 kN. 
Numerous APT studies have been completed successfully over the different construction cycles 
of this facility studying subgrade strength, unbound granular material, stabilized base course, etc 
(Donovan 2009; Hugo and Martin 2004; Kim 2005a; Metcalf 1996; Steyn 2012). Findings from 
the various APT studies in this facility have been being regularly used to update the distress 
algorithms in FAA’s mechanistic-empirical pavement design approach. The following list 




i. Donovan (2009) investigated the rutting progression in unbound granular layer analyzing 
multi-depth deflectometer instrumentation data from NAPTF construction cycle 1 
flexible pavement sections and associated heavy weight deflectometer (HWD) test 
results. The researcher documented ‘anti-shakedown’ effect in the unbound layer over 
low and medium strength subgrade owing to the aircraft wander pattern. The particle 
orientation in granular matrix continuously changes due to the shear stress reversals from 
aircraft lateral wander. Such particle movement negates the expected shakedown of 
granular layer as expected in UGM repeated load behavior and contributes to the 
premature failure of respective pavement. 
ii. Donovan (2009) also reported that the relative damage to unbound granular and subgrade 
layer can be identified using two slope-based HWD deflection basin parameters namely 
base damage index (BDI) and base curvature index (BCI). 
 Further details on other accelerated pavement testing studies are beyond the scope of this 
chapter and can be found elsewhere (Hugo and Martin 2004; Steyn 2012). 
2.11 Imaging-Based Aggregate Shape Characterization 
The morphological or shape properties of mineral aggregates can greatly influence the strength 
and permanent deformation properties of unbound granular materials. Barksdale (1972) 
documented that unbound granular layers consisting of aggregates with higher surface 
irregularities exhibited better resistance against permanent deformation in both laboratory 
characterization and field performances. That’s why, transportation agencies across the United 
States have been using aggregate shape parameters like flat and elongated ratios, percentages of 
aggregates with two/ three crushed faces, uncompacted void content of coarse aggregates. 
However, these parameters can often be misleading and do not necessarily yield a quantifiable 
measure of the morphological properties. Furthermore, the extent of influence of aggregate shape 
properties on respective rutting/ permanent deformation behavior is yet to be investigated in 
greater details. 
 To this end, imaging-based methodologies are being popular for aggregate shape 
characterization (Masad and Button 2000; Tutumluer et al. 2000). Masad et al. (2007) listed 
several imaging-based techniques for aggregate shape characterization such as Video Imaging 




Aggregate Imaging System (AIMS) etc. At the University of Illinois (UI), the first generation of 
Aggregate Image Analyzer (UIAIA) was developed in 1998. Black and white images were 
generally used for imaging based texture analysis. The earlier version of the UI-AIA system 
could only accommodate grayscale images. Conversion of these grayscale images to black and 
white monochromatic ones led to the loss of important details associated with the natural color 
spectrum. This discrepancy could result in misleading texture indices, especially in case of dark-
colored mineral aggregates. 
 That’s why, an enhanced, second-generation version of the imaging system was 
redesigned and manufactured at the University of Illinois to overcome some of the limitations 
encountered in the previous version (Moaveni et al. 2016). The enhanced system is equipped 
with three high resolution (1292 X 964 pixels) progressive scan cameras that can capture color 
images of an aggregate particle at three orthogonal planes. An advanced color thresholding 
scheme has also been introduced in Enhanced-UIAIA (E-UIAIA) processing software. 
Therefore, different types of mineral aggregates with a wide range of colors can be scanned with 
this system. The E-UIAIA also accommodates four LED (light emitting diodes) illumination 
lights with dimmer controls that assist the operator to achieve the best contrast and sharpest 
possible aggregate images by optimizing light intensity as well as minimizing shadows. Figure 
2.29 shows the enhanced University of Illinois Aggregate Image Analyzer. Three different 
morphological indices can be extracted from the imaging analyses of E-UIAIA system which are 
as follows: 
i. Angularity index, AI; 
ii. Surface texture, ST; and 
iii. Flat and Elongated Ratio. 
2.11.1 Angularity Index (AI) 
The angularity index (AI) can be defined as a numerical parameter for characterizing the shape 
of a particle with regard to its being rounded or angular. For each 2D image, the profile is 
approximated by the extraction of coordinates of the particle profile. The outline of the particle is 
in then approximated by an n-sided polygon. As shown in Figure 2.30 (a), an optimum n value of 
24 is determined to differentiate the typical AI values of the crushed stones from those of the 




computing the change in angle (α) at contiguous vertices. The frequency distribution of the 
changes in α is expressed in terms of 10° class intervals. 
 For each projected two-dimensional image, the angularity is calculated in accordance 






angularity A e P e

   
where: 
 e = starting angle value for each 10° class interval; 
 P(e) = probability that change in angle  possesses a value in the range of e to (e+10). 
 The angularity index of the aggregate particle is determined by the weighted average of 
the aforementioned parameter, ‘angularity’ for the three orthogonal views and is expressed in 




















 i takes values from 1 to 3 for top, front and side orthogonal views. 
 The overall angularity index of an aggregate sample can be computed as the weighted 
average of AI values of all the particles in the representative sample. 
2.11.2 Surface Texture (ST) 
The surface texture index accounts for the surface roughness or irregularities of aggregate 
particle. This particular index is developed on the concept of “erosion and dilation” technique. 
One cycle of erosion removes the boundary pixels off an object surface leaving the object less 
dense along its outer boundary. Conversely, the dilation process increases the particle shape or 
image dimension by the same pixels around its boundary. The reversal of erosion and dilation 
smooths the particle surface by trimming the peaks and corners and patching the sharp dents on 
the boundary as illustrated in Figure 2.30 (b). This results in a change in the area of the object 
primarily dependent on the microscopic roughness of the particle surface. As shown in the 




2D image and the area prior to the cycles of erosion and dilation required for smoothing out 








    
where: 
 st = surface texture parameter for each 2D image; 
 A1 = area (in pixels) of the 2D projection of the particle in the image; 
 A2 = area (in pixels) of the particle after performing a sequence of erosion followed by  
  the same cycles of dilation. 
 Pan and Tutumluer (2007) determined the optimum number of erosion-dilation cycles to 
be 20 at which the surface texture values of a set of smooth surface particles can certainly be 
differentiated from the ST values of a set of rough surface ones. Similar to the angularity index, 



















 The value of  is 1, 2 and 3 for top, front and side orthogonal views, respectively. 
2.11.3 Flat and Elongated Ratio (FER) 
The flat and elongated ratio (FER) is defined as the ratio of the longest dimension of a particle to 
the shortest dimension of the particle measured perpendicular to the longest dimension. Figure 
2.30 (c) illustrates the theoretical definition of FER. 
2.12 Assessment of Sustainability through Life Cycle Analysis 
Sustainable pavement development can be explained as the infrastructure advancement that 
meets the needs of the present without compromising the ability of future generations to meet 
their own needs (NSSGA 2013). With this view, transportation agencies in the United States 
have been adopting stricter environmental regulations, emphasizing more on the use of 
recyclable materials for construction and other purposes. Despite such initiatives, the link 
between pavements and environment is largely unquantified. Even though significant efforts 




long-term pavement performance, environmental impact at different phases of pavement life is 
yet to be investigated rigorously. The following subsections summarize some of the existing 
literature on life cycle assessment of aggregates. 
2.12.1 Definition and Scope 
Life cycle assessment (LCA) is an objective process that can be used to evaluate environmental 
performance and support decision making in the entire value chain encompassing raw materials 
extraction to processing, component fabrication, assembly, delivery, use, maintenance, recycling 
and disposal (Santero 2009). The International Organization for Standardization (ISO) has 
established guidelines for implementing LCA in its 14040 series publications (14040:2006, 
14044:2006, 14047:2012 and 14048:2002). According to the guidelines, LCA can be used to 
assist in the following ways: 
i. Identifying opportunities to improve the environmental performance of products at 
various phases of their life cycle; 
ii. Advising decision-makers in an industry, government or non-government organizations 
(e.g. for improvement in strategic planning, prioritizing, product or process designing); 
iii. Determining suitable indicators of environmental performance, including measurement 
techniques; and 
iv. Marketing (e.g. materializing an eco-labeling scheme, resolving an environmental claim, 
or producing an environment-friendly product declaration). 
 A life cycle analysis (LCA) scheme involves four basic components, i.e. (a) Goal and 
scope definition that identifies the LCA system boundaries, functional unit for analysis and the 
target audience; (b) The life cycle inventory (LCI) establishes and appraises the environmental 
parameters like consumption of resources, waste flows, and emissions per functional unit 
derivative of all the processes within the boundaries of proposed life cycle scheme; (c) Life cycle 
impact assessment (LCIA) supplements the LCI through in-depth environmental 
characterization; (d) Interpretation of the results is the final component in LCA chain based on 
which decisions are made to facilitate the aforementioned goals. 
 There are three different approaches to conduct LCA: (i) process LCA; (ii) input-output 
LCA; and (iii) hybrid LCA, which is a combination of the preceding approaches. Process LCA is 




LCA boundary. The total life cycle inputs, emissions, and impacts are then determined by 
summing up the data from all the discrete processes. Contrary to that, the input-output (IO) LCA 
is a top-down approach that identifies the flows of goods and services between specific sectors of 
an economy, and then traces all direct and indirect economic inputs necessitated to produce a 
unit of output from a given economic sector. A list of major benefits and drawbacks of these two 
approaches are presented in Table 2.8. In the hybrid approach, process LCA is used to analyze 
the most direct and influential processes; whereas, the IO-LCA accounts for the indirect and 
upstream processes. 
2.12.2 Brief Review of LCA Literature Related to Aggregates in Pavement Construction 
In recent years, researchers at Imperial College have developed an LCA system (Life Cycle 
Inventory and Assessment System for the Minerals Industry (LICYMIN)) specific to mining 
operations (Durucan et al. 2006). It includes an LCA component dedicated to surface mining 
accounting for the operations of aggregate production. Sára et al. (2001) investigated building 
materials and products at a selected demolition site in Northern Italy through life cycle analysis 
and found that reuse of the building components is beneficial compared to landfilling. Craighill 
and Powell (1999) evaluated environmental, social and economic impacts of alternative 
construction methodologies involving demolition waste. On-site reuse of such waste was found 
to be better than off-site recycling, which eventually outperformed landfill disposal. 
 In Finland, Mroueh et al. (2000) studied six different construction materials arising from 
natural, demolition and secondary (blast furnace and fly ash) sources. These researchers deduced 
that production and transportation of these materials occupy the major share of environmental 
burdens. Horvath and Hendrickson (1998) used Carnegie Mellon University’s Economic Input-
Output Life Cycle Assessment model to assess flexible and rigid pavements. This study 
concluded that hot mix asphalt (HMA) pavement consumes 40% more energy than continuously 
reinforced concrete pavement. This study did not include the feedstock energy of bitumen. 
Besides the energy consumption, most of the other environmental performance measures were 
turned to be higher in case of rigid pavement. Moreover, in the recycling phase, HMA pavement 





2.12.3 Example LCA Models Specific to Pavement Applications 
Even though highway agencies heavily rely on Federal Highway Administration’s (FHWA) 
‘RealCost’ for economic assessment through life cycle cost analysis (LCCA), the LCA based 
environmental assessment is yet neglected. There are a handful of pavement-specific software 
tools that assist in the decision-making phase accounting for the environmental impacts. Figure 
2.31 through Figure 2.33 present the schematic outline for PaLATE, Asphalt Pavement LCA, 
and ROAD-RES models which involve pavement-specific life cycle analysis. In 2003 Professor 
Arpad Horvath and a team of graduate students developed the Pavement Life Cycle Assessment 
Tool for Environmental and Economic Effects (PaLATE) which accounts for environmental 
impacts in material extraction, production, construction, maintenance and end-of-life phases 
(Nathman et al. 2009). There are several limitations in this model such as outdated data, 
exclusion of user phase and important economic considerations like labor and overhead costs etc. 
Nonetheless, it is the only pavement LCA tool specifically designed for the United States. 
 A recent article by Huang et al. (2009a) outlined a pavement LCA tool dedicated 
specifically to the environmental impact assessment of flexible or asphalt pavements in the 
United Kingdom. One key feature of this tool is that recycled materials like glass, bottom ash 
and reclaimed asphalt pavement (RAP) are a part of the materials pool. The environmental 
impacts of asphalt pavements are assessed through eleven different impact categories such as 
depletion of materials, depletion of fossil fuels, global warming potential, stratospheric ozone 
depletion, acidification, photo-oxidant formation, human toxicity, eco-toxicity, eutrophication, 
noise and depletion of landfill space. Note that this model accounts for the environmental 
imprints at the materials, construction (on site equipment only), and maintenance phases of the 
life cycle, including any necessary transportation. In a later publication, the authors have also 
characterized traffic delay for environmental burdens (Huang et al. 2009b). 
 The ROAD-RES model developed at the Technical University of Denmark (see Figure 
2.33) weighs environmental burdens from the materials, construction, maintenance and end of 
life phases. Compared to the other two models, this LCA tool assesses the environmental impacts 
of ‘use’ phase to some extent through the incorporation of information on leachate, winter 
service activities (e.g., salting). Notably, there are eight different environmental impact 
indicators as presented in Figure 2.33. One significant contribution of the model is the unique 




2.13 End-Performance Based Use of Unconventional and Large Size Aggregates 
Almost the entirety of the aforementioned literature based on regular base/ subbase course 
granular materials with a maximum top size of 1 in. (2.54 cm). There is little to no scientific 
information on the structural performance of unbound layers constructed with large size 
aggregates. Furthermore, almost all of the current low volume road design methodologies are 
based on the assumption of using good quality regular size virgin crushed stones in the unbound 
granular layers. The distress prediction algorithms in the existing mechanistic-empirical design 
methodologies have also been developed on a similar assumption. That’s why, this study intends 
to provide a set of guidelines dictating construction and in situ assessment protocols, typical 
mechanistic responses and design recommendations for large size unconventional aggregates. 
Similarly, surface mining industries in the United States are quite conservative to open up the 
possibility of environmental impact assessment. To this end, this study focuses on investigating 
the beneficial use and material characterization techniques for unconventional large-size 




2.14 Tables and Figures 
Table 2.1: Factors Affecting Resilient Behavior of Aggregates (Luo 2014; Saeed 2008) 














Shear stress level Increase Decrease High 
Confining/ bulk stress Increase Increase High 
Deviator stress Increase Increase High 
Number of load 
repetitions 
Increase 
Cyclic stress level exceeds the 
static failure line: decrease 
Low 
Cyclic stress level lower than 
static failure line: increase 
Load duration, frequency 
and load sequence 
 Little to no impact Low 














Moisture content Increase 
Decrease beyond optimum 
moisture level 
High 
Maximum grain size Increase Increase Medium 
Coarse aggregate content Increase Increase Medium 
Fine aggregate content Increase 
High resilient modulus at 
optimum fines content 
Medium 
Plasticity of fines content Increase Decrease Medium 







Table 2.2: Mathematical Models to Predict Stiffness Properties with Repeated Load Triaxial Testing 
Expression Eqn # Reference Parameters 
Stress Dependent Secant Modulus Models 1 1
, , A G K G model parameters; 
3
1A mR  failure term; 
R   strength/ stress; 
1 2 3, ,    principal stresses; 
1 3d q       deviator stress; 
2 1 2 2 3 3 1J           second deviator stress invariant; 
, ,ik m A J   model parameters (i = 1, 2, 3,…..); 
rM   resilient modulus; 
   1 3 1 10 , 1N N A k    , and 2k , respectively in 
 1, 1 1 2 log r A k log log     ; 
1,r   resilient axial strain; 
   material porosity; 
max   maximum porosity;  
 1 2 3
3
p
   
 mean normal stress; 
2
2
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  2.2-1 Biarez (1962) 
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   
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  2.2-2 
Dunlap (1963); 




R dM k k ln     2.2-3 Seed et al. (1967) 
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r max minp p p  ; 
up   unit pressure (1 kPa); 
0p   atmospheric pressure (101.3  kPa); 
3p    bulk stress; 
 1 3q      deviator stress; 









r max minq q q  ; 
fq   deviator stress at failure;  
C  cohesion; 
S  degree of saturation; 
EC  compaction energy; 
  total unit weight; 
w water unit weight; 












  2.2-8 
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Elliott and David 
(1989) 
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Crockford et al. 
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  2.2-13 Itani (1990) 
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RM N q    2.2-15 Pezo (1993) 



























  2.2-17 Lytton (1995) 
  suction induced stress; 
  friction angle; 
j  function of volumetric water content; 
w  gravimetric water content; 
mh matric suction; 
tM  tangent modulus; 
fR  failure ratio; 
  volumetric strain: 
q  shear strain; 
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Table 2.2: Mathematical Models to Predict Stiffness Properties with Repeated Load Triaxial Testing (Continued) 
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Duncan and Chang 
(1970) 









     
        
     
  2.2-26 










    
       
     
 2.2-27 Karasahin (1993) 






I k I k

 
   
     
    
   












Table 2.2: Mathematical Models to Predict Stiffness Properties with Repeated Load Triaxial Testing (Continued) 
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Table 2.2: Mathematical Models to Predict Stiffness Properties with Repeated Load Triaxial Testing (Continued) 
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2-2-34 Rowshanzamir (1997) 
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Table 2.3: Factors Affecting Permanent Deformation Behavior of Unbound Aggregates (Luo 
2014; Saeed 2008) 














Shear stress level Increase Increase High 
Principal stress 
rotation 
 Increase High 
Number of load 
repetitions 
Increase Increase High 
Confining pressure Increase Decrease High 
Stress history 
Subsequent loads have higher stress level: increase 
Medium 
Subsequent loads have lower stress level: decrease 
Stress increment 








Increases to an optimized level 




Decreases to an optimized level 














Moisture content Increase Increase High 
Maximum grain size Increase Decrease Medium 
Coarse aggregate 
content 




Increase (Beyond optimized 
packing) 
Medium 
Plasticity of fines 
content 
Increase Increase Medium 
Particle angularity Increase Decrease Low 
Particle roughness Increase Decrease Low 








Table 2.4:  Models Proposed to Predict Permanent Deformation/ Strain (ARA Inc. 2002; Arnold 2004; Chow et al. 2014; Lekarp et al. 
2000b; Xiao et al. 2015) 
Expression Equation Reference Parameters 
1,
b
p ra N   2.4-1 Veverka (1979) 
, , , , , , , ,A B a b c d e f g , 
, , , ,k m n t u   regression parameters (A is also limit 
value for maximum permanent axial strain); 
A1 = material and stress-strain parameter given 
(function of stress ratio and resilient modulus); 
2 4 2 4,A A D D    parameters that are functions of 
stress ratio q/p; 
fnN = shape factor; 
pG   shear modulus with respect to permanent 
deformation 
ph   repeated load hardening parameter (function 
of stress to strength ratio); 
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  2.4-4 Khedr (1985) 





p aN   2.4-6 Sweere (1990) 









Table 2.4:  Models Proposed to Predict Permanent Deformation/ Strain (ARA Inc. 2002; Arnold 2004; Chow et al. 2014; Lekarp et al. 










Paute et al. 
(1988) 
L = stress path length; 
m = slope of static failure line; 
N = number of load applications; 






   shear stress ratio (a theoretical 
maximum value of 1 indicates the applied stress is 
at the limit of materials shear strength defined by 
C  and  ); 
f
   applied shear stress on failure plane; 
 
max f
C tan      shear strength; 
C   apparent cohesion; 
   angle of internal friction; 
f   normal stress acting on failure plane; 
RD   relative density (%) in relation to solid 
density; 
tS   degree of saturation (%); 
PS   plastic strain (%); 
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       2.4-10 
Bonaquist and 
Witczak (1997) 
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Table 2.4:  Models Proposed to Predict Permanent Deformation/ Strain (ARA Inc. 2002; Arnold 2004; Chow et al. 2014; Lekarp et al. 


















Paute et al. 
(1996) 
p   mean normal stress; 
0 3.p p   modified mean normal stress; 
0p   normalizing reference stress; 
*p   stress parameter defined by intersection of 
static failure line and p -axis in p q  space; 
q  deviator stress; 
0 2 / 3.q q   modified deviator stress; 
fR   ratio of measured strength to ultimate 
hyperbolic strength; 
S   static strength; 
ht   sublayer thickness; 
 a N   permanent deformation corresponding to 
N  load applications; 
1   field calibration factor; 
0, ,     material parameters; 
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Table 2.4:  Models Proposed to Predict Permanent Deformation/ Strain (ARA Inc. 2002; Arnold 2004; Chow et al. 2014; Lekarp et al. 





3 45 / 2 1
















 / N p N    accumulated permanent strain for N   
number of load cycles; 
r   resilient strain; 
,v r   vertical resilient strain computed from 
sublayer; 
,s p   permanent shear strain for 100N  ; 
,v p   permanent volumetric strain for 100N  ; 
1, p   accumulated permanent strain after  load 
repetitions; 
*
1, p   additional permanent axial strain after first 
100 cycles; 
 1, p refN  accumulated permanent axial strain 
after given number of cycles  ( 100)ref refN N  ); 
0.95S   static strain at 95% of static strength; 
3   confining pressure; 
1
a   applied major principal stress; 
   /01 ,
N


























Chow et al. 
(2014) 
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Table 2.4:  Models Proposed to Predict Permanent Deformation/ Strain (ARA Inc. 2002; Arnold 2004; Chow et al. 2014; Lekarp et al. 
2000b; Xiao et al. 2015) (Continued) 
   
1 3d     deviator stress; 
   bulk stress (psi); 




= weighted plasticity index; 
w   achieved moisture content; 
optw   optimum moisture content; 
and 
,  & FER AI ST   flat and elongated ratio, 














Table 2.5: Existing Low Volume Road Design Methodologies 

















































































Table 2.6: Uses of Aggregates and Relative Level of Quality Needed (Meininger and Stokowski 
2011) 
Lower Quality 
 Backfill and Bedding 
 Subbase, Select Material, and Subgrade Improvement 
 
 Base Course (Unbound and Stabilized) 
 Stabilized (Asphalt, Portland Cement, and Lime-Fly Ash) 
 Dense Graded 
 Open Graded 
 Aggregate Surfaced Roads (Gravel Roads) 
 Chip Seal, Surface Treatment 
 Portland Cement Concrete 
 Lean Concrete Base (Dense or Open Graded) 
 Structural Concrete 
 Concrete Pavement 
 Hot-Mix Asphalt and Warm-Mix Asphalt 
 Dense Graded 
 Open Graded 
Higher Quality 
 Drainage and Riprap 










Table 2.7: Maximum Allowable Aggregate Size in Unbound Granular Layer (Tutumluer 2013) 
State 





Open Graded Base as 
Drainage Layers 
Open Graded Subbase as 
Drainage Layers 
Other 
MD 38.1 25.4 25.4 
  
GA 38.1 38.1 
   
NM 25.4 19.1 
   
AR 38.1 
    
NY  
76.2 (A) 






KS 38.1 38.1 19.1 
  
OR 25.4 101.6 25.4 101.6 
 
CA 50.8 76.2 
   
NH 76.2 152.4 
   
ME 101.6 152.4 
   
SC 
50.8 (C) 
    
88.9 (D) 
    
38.1 (E) 
    
GA 38.1 
    
SD 25.4 50.8 
   
LA 38.1 38.1 
   
MS 38.1 50.8 
   
MO 38.1 
    
NV 38.1 38.1 50.8 
  
IL 38.1 38.1 203.2 203.2 
 
AZ 38.1 76.2 38.1 38.1 
 
FL 88.9 
    
VA 50.8 50.8 9.6 9.5 
 
ID 63.5 101.6 76.2 76.2 
 
TX 44.5 44.45 
   
RI * * 57.2 57.2 
 








DE 38.1 38.1 19.1 19.1 
 












WI 76.2 127 25.4 25.4 152.4 (F) 
CO 25.4 63.5 





NJ 38.1 38.1 
   
MT 50.8 
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Table 2.7: Maximum Allowable Aggregate Size in Unbound Granular Layer (Tutumluer 2013) 
(Continued) 
AB 38.1 82.6 
   
NL 25.4 76.2 
   
WV 38.1 38.1 
   
SK 25.4 50.8 
   
ON 25.4 152.4 
   
DC 38.1 
    
AL 38.1 38.1 25.4 25.4 
 
MN 25.4 50.8 38.1 
  




AK 25.4 50.8    
* ¾ th of lift thickness; 
A, B designate top and bottom layers respectively, if there are two unbound layers in the pavement; 
C, D, E correspond to graded aggregates base, Coquina shell base and sand clay base, respectively; 
F stands for break run/ primary crusher run material. 
Table 2.8: Benefits and Drawbacks of LCA Approaches (Hendrickson et al. 2006) 




 Specific product 
comparisons 
 Process improvements, 
weak point analyses 
 Future product 
development 
assessments 
 Economy-wide, comprehensive assessments (all 
direct and indirect environmental effects 
included) 
 System LCA: industries, products, services, 
national economy 
 Sensitivity analyses, scenario planning 
 Publicly available data, reproducible results 
 Future product development assessments 
 Information on every commodity in the 
economy 
Weaknesses 
 System boundary 
setting subjective 
 Tend to be time 
intensive and costly 
 New process design 
difficult 
 Use of proprietary data 
 Cannot be replicated if 
confidential data are 
used 
 Uncertainty in data 
 Many product assessments contain aggregated 
data 
 Process assessment difficult 
 Difficulty in linking dollar values to physical 
units 
 Economic and environmental data may reflect 
past practices 
 Imports treated as U.S. products 
 Difficult to apply to open economy (with 
substantial non-comparable imports) 
 Non-U.S. data availability a problem 






Figure 2.1: Stresses beneath moving wheel load (Lekarp et al. 2000a) 
 





Figure 2.3: Strain components of UGMs under cyclic loading 
 










Figure 2.6: The University of Illinois FastCell triaxial testing device (Seyhan and Tutumluer 
2002a) 
 
Figure 2.7: (a) Confining rings, assembled rings (b) internal and external rings, (c) loading frame 





Figure 2.8: Effects of (a) fines content and (b) aggregate type on the resilient modulus 





Figure 2.9: Effect of deviator stress ratio on the permanent strain in a porphyritic granitic gneiss 
with 3% fines (Barksdale 1972) 
 
















Figure 2.13: Variation of equivalent stress pulse (Barksdale 1971) 
 





Figure 2.15: Effect of grading and compaction on plastic strain (Thom and Brown 1988) 
 
Figure 2.16: Effects of fines and deviator stress ratio on permanent strain for a crushed granitic 










Figure 2.18: Effect of plasticity on the permanent deformation behavior of UGM (Tutumluer et 
al. 2009) 
 























Figure 2.22: (a) Friction angle, (b) cohesion, (c) California bearing ratio and (d) unconfined compressive strengths of RAP 





Figure 2.23: (a) Permanent strain versus the number of load cycles for RAP-aggregate blends; 
(b) Effect of RAP content on the permanent strain accumulation of RAP-aggregate blends 





Figure 2.24: Remedial thickness design curve for subgrade IBV (Bureau of Bridges and 
Structures 2005) 
 
Figure 2.25: Remedial thickness of base course with varying allowable rut depths and ground 
























Figure 2.29: The Enhanced University of Illinois Aggregate Image Analyzer (E-UIAIA) 
 
Figure 2.30: (a) An n-sided polygon approximating the profile of an aggregate particle; (b) 
Change of particle surface after 20 cycles of erosion-dilation; (c) Illustration of theoretical 
definition for the flat and elongated ratio 
 







Figure 2.31: Schematic diagram of PaLATE model for life cycle analysis (Nathman et al. 2009) 







Figure 2.32: Schematic diagram of asphalt pavement LCA tool (Huang et al. 2009a) 







Figure 2.33: Schematic diagram of ROAD-RES model for life cycle analysis (Birgisdóttir 2005)
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CHAPTER 3: MATERIAL SELECTION AND LABORATORY CHARACTERIZATION 
3.1 Outline of the Chapter 
The primary goal of this study was to evaluate the performance of unconventional and large size 
aggregates for improved subgrade applications. To this end, the existing Illinois Department of 
Transportation standards for coarse aggregates were closely examined and seven different 
aggregates with varying size and composition were selected. Considering the size-specific 
limitations associated with the standardized test protocols, a state of the art field imaging 
technique was adopted to characterize the size and shape properties of large size aggregates 
(materials retained on 76 mm [3 in.] sieve). The second-generation University of Illinois 
Aggregate Image Analyzer was used to determine the morphological indices of aggregates 
passing through the 76 mm [3 in.] sieve. 
The scope of the laboratory characterization effort also included evaluation of particle 
size distribution with sieve analyses, resistance to Los Angeles abrasion loss, moisture-density 
relationships with standard compactive effort, monotonic triaxial shear strength tests on four 
different aggregates at three different confining pressures and cross-anisotropic resilient modulus 
testing and permanent deformation characterization of capping materials. The last section of this 
chapter highlights the key findings from laboratory characterization of selected aggregates in this 
study. 
3.2 Selection of Representative Materials 
The following subsections provide a holistic background on the current state of specifications for 
coarse aggregates approved by the Illinois Department of Transportation (IDOT), IDOT 
guidelines for use of reclaimed asphalt pavement materials in unbound granular layers and the 
details on selected materials with representative gradation bands. 
3.2.1 IDOT Gradation Bands for Coarse Aggregates 
According to Section 1004 of the Illinois Department of Transportation (IDOT) specifications 
for Road and Bridge Construction, coarse aggregate materials can be procured from uncrushed 
rounded and partially crushed gravels, chert gravel, crushed gravel, crushed stone (carbonate 
based dolomite, limestone; and crystalline based granite, quartzite etc.), wet bottom boiler slag, 
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crushed slag, crushed sandstone, crushed chat (tailing residues from the process of metal 
extraction) and crushed steel slag (IDOT 2016). Depending on the quality specific requirements 
like sulfate soundness, abrasion loss, and deleterious materials, coarse aggregates can be 
categorized from Class A (the highest quality) through D (the poorest quality). 
Currently, there are 19 different gradation bands in the IDOT specifications for coarse 
aggregates. Table 3.1 shows all of the existing gradations for coarse aggregates. As the 
numbering sequence of the gradation bands increased from CA1 to CA19, the particle size 
distribution becomes finer. Among the gradation bands, the maximum allowable aggregate size 
in respective particle size distribution is found to be 63 mm (21/2 in.) for CA1. Conversely, CA 
17 and 19 gradation bands allow the highest percentages of fines content (materials passing 
through No. 200 sieve [0.074 mm]). 
Table 3.2 shows the coarse aggregate gradation bands for various types of granular layers 
approved by Illinois Department of Transportation (IDOT). CA 6 and 10 are the most frequently 
used gradation bands for unbound granular layers. The nominal maximum aggregate sizes (one 
size larger than the first sieve to retain more than 10% of the total dry weight of aggregate 
sample) for CA 6 and 10 gradation bands were found to be 25 mm (1 in.) and 19 mm (3/4 in.), 
respectively. The percentage of coarse fractions (materials retained on No. 4 [4.76 mm] sieve) in 
CA 6 gradation band is slightly higher than that in CA10 gradation band. Also, based on the 
materials retained on No. 4 (4.76 mm) sieve, CA5 is the coarsest among the 19 different 
gradation bands shown in Table 3.2. 
3.2.2 IDOT Specification for Reclaimed Asphalt Pavements in Unbound Layers 
Section 1031.06 of IDOT specifications documents the guidelines for reclaimed asphalt 
pavement (RAP) aggregates to be used in the aggregate surface course and aggregate shoulders 
(IDOT 2016). For acceptance, 100% of the RAP aggregates are required to pass through 37.5 
mm (11/2 in.) sieve. The specifications do not allow the use of gap-graded or single size RAP in 
aforementioned layers. Reclaimed asphalt aggregates can be procured from IDOT approved 
stockpiles. Section 1031.02 classifies the RAP stockpiles in four different categories, i.e. 
(i) Homogeneous: 
a. IDOT Class I highway with Superpave HMA [High ESAL] mixture, 
b. Minimum required aggregate quality C, 
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c. Similar binder content; 
(ii) Conglomerate: 
a. IDOT Class I highway with Superpave HMA [High ESAL] mixture, 
b. May represent more than aggregate type and/or quality; 
c. Minimum required aggregate quality C, 
d. 100% RAP aggregates passing through 16 mm (5/8 in.) sieve, 
e. Shall not contain any expansive material like steel slag; 
(iii) Conglomerate “D” Quality: 
a. Reclaimed Superpave low ESAL mixtures (IL-19.0L binder and IL-9.5L 
surface mixture), 
b. Potential for allowance of rounded aggregates, 
c. Minimum required aggregate quality D, 
d. Shall not contain any expansive material like steel slag; and 
(iv) Other. 
As previously discussed in Section 2.8.1, higher quality crushed stones are used for either 
hot mix asphalt (HMA) or drainage (and riprap) layers. On the contrary, poor quality materials 
are utilized in pavement foundations and base courses. On a similar note, premium quality RAP 
aggregates from Homogeneous and Conglomerate sources are likely to be stockpiled for reuse in 
asphalt concrete; whereas, poor quality, round shaped RAP aggregates from Conglomerate “D” 
and other sources make their way in the unbound granular layers. This can be further 
substantiated by the Section 1031.07 of the IDOT specifications which regulates the stockpiling 
through strict gradation tolerances. Note that adherence to these tolerance limits is not required 
for RAP materials to be used in the aggregate surface courses and aggregate shoulders. 
3.2.3 Selected Aggregate Subgrade and Capping Materials 
Tables 3.3 outlines the current IDOT gradation bands for aggregate subgrade materials. These 
gradation bands were introduced in a special provision by the IDOT Bureau of Design and 
Environment (BDE) in 2012, titled as “Section 303: Aggregate Subgrade Improvement”. Unlike 
the typical CA 6/ CA 10 coarse aggregate gradations discussed above, the maximum particle size 
for CS 01, CS 02 and RR 01 gradation bands are 203 mm (8 in.), 153 mm (6 in.) and 76 mm (3 
in.), respectively. Among the three gradation bands, CS01 is comparatively well graded allowing 
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up to 40% of materials passing through No. 4 sieve. On the other hand, CS02 and RR01 
gradation bands do not have limits for fine fractions (materials passing through No. 4). 
Regardless of the particle sizes, an adequate amount of filler materials can thus be introduced in 
the aggregate skeleton with mostly uniform size large aggregates to achieve a denser packing. 
 The same provision also allows crushed reclaimed asphalt pavement materials to be 
mechanically blended with CS01, CS02 and RR01 with a limiting threshold of 40%. The top size 
of the RAP should not exceed 102 mm (4 in.) and the selected material should be well graded. 
IDOT also requires a minimum 76 mm (3 in.) thick capping layer consisting of CA6 or CA10 
graded aggregates. 100% RAP with CA6 or CA10 gradation is allowed to be used as the capping 
layer. The primary motivation for using such a capping layer is to confine the movement of 
uniformly sized large aggregates and furnish a smooth surface for the construction of the layers 
above the working platform.   
To validate end-performance based aggregate properties specified in the current IDOT 
crushed stone gradation bands, six different aggregate subgrade materials (Types A, B, C, D, E, 
and F) were selected for this project. The various IDOT districts use different aggregate subgrade 
types for weak subgrade remediation based on the availability, transportation cost and allocated 
budget. Material selection was governed by the premise that the materials used in this study 
should be representative of those used by IDOT districts. Another motivation for selection of 
such materials was that performance of aggregates marginally satisfying the gradation band can 
also be assessed. Moreover, three different recycled materials were used as aggregate subgrade 
materials so that adequacy of these materials in the current subgrade stability design framework 
could be investigated. In addition to the selected aggregate subgrade types, one additional 
material denoted as Type G, was used for capping layer alongside the Type E reclaimed asphalt 
pavement materials.  
 Table 3.4 lists the materials selected for this study along with the target gradation. Type 
A consisted of riprap size virgin aggregates (similar to railway ballast), and the target gradation 
band was RR01. Type B and Type D were recycled aggregates that replicated IDOT crushed 
stone gradation CS01. Type C was large-size primary crusher run virgin aggregates to meet 
IDOT gradation band CS02. Type E was recycled asphalt pavement materials that had a 
gradation close to typical IDOT gradation CA06. Type F was dense-graded virgin aggregates 
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with a larger top size. Finally, Type G was dolomite-type base course aggregates conforming to 
IDOT CA06 gradation. 
3.3 Laboratory Characterization and Preliminary Results 
3.3.1 Field Imaging Technique 
Since the size and shape properties of large rocks could not be addressed with standardized sieve 
analysis or laboratory-based image analyzer, a newly developed field imaging technique was 
implemented in this study. For this, representative particles of each aggregate subgrade material 
greater than 76-mm (3- n.) in size were spread out on a blue tarp in the field. High resolution 
(1292 x 964 pixels) images of these large aggregate particles were captured with a digital single-
lens reflex camera (DSLR). Camera settings like tripod height, aperture, shutter speed and noise 
sensitivity (ISO) were optimized through trial and error basis in order to ensure: 
a. Appropriate contrast between the background and the edge of the particles; 
b. Proper exposure to avoid having any areas in the image that are overexposed, a specified 
resolution (pixels/inch), 
c. Elimination of any shadows caused by the sun or the camera’s flash. 
Images were taken at a distance of 71 cm (28 in.) from the 18-55 mm kit lens with a 
shutter speed of one-thirtieth of a second. The standard aperture (f-stop) and light sensitivity 
(ISO) were set to 4 and 100, respectively. Using Markov Random Field algorithm, these images 
were transformed to grayscale followed by segmentation and extraction of shape properties. 
Figure 3.1 shows the DSLR camera setup for capturing the high-resolution images of large size 
aggregate particles. 
 Figure 3.2 shows the steps for image segmentation technique employed for the size and 
shape characterization using the field images. Note that the white color calibration ball beside the 
aggregate particles was introduced to scale the spatial resolution properly. The Markov Random 
Field (MRF) algorithm was employed to separate the “foreground” and “background” of the 
image such that the separated foreground represents the solid particles and their shape is not 
sensitive to the acquisition noise. The final outcome of the segmentation is a simplified black and 
white binary image of each particle where the black pixels are the background and the white 
pixels are the object. Further details on this image processing technique can be found elsewhere 
(Moaveni et al. 2013). The morphological indices, i.e. angularity index, surface texture and flat-
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elongated ratio were computed from the extracted binary images in accordance with the literature 
presented in Chapter 2. The dimensions of the particles were determined in reference to the 
spatial resolution of the calibration ball. 
3.3.2 Particle Size Distribution and Aggregate Morphology 
Particle size distributions of six (Type A, B, D, E, F, G) different materials used in this study 
were determined in accordance with the ASTM C136 standard specification. Figure 3.3 shows 
the corresponding particle size distributions of the aforementioned six materials. Type A was a 
riprap size aggregate with 62.5 mm (21/2 in.) top size loosely fitting the IDOT gradation 
requirement. This particular virgin aggregate had a negligible amount of filler material 
(fines/materials passing through a No. 200 sieve), with only 10% material passing through a 19 
mm (3/4 in.) sieve. Type B consisted of comparatively well-graded lightweight concrete 
demolition waste with 75 mm (3 in.) top size. Even though it had a very small amount of fines 
(materials passing through No. 200 [0.074 mm] sieve), this material was marginal and did not 
necessarily meet the IDOT gradation band.  
 The blended recycled concrete (CS01) and RAP material designated as Type D was 
relatively well-graded, with only 2% passing the No. 200 sieve. However, the blended recycled 
material did not satisfy the top size requirements for the IDOT CS01 gradation envelope. Figure 
3.3 also shows the particle size distribution of the Type G dolomite capping material, which was 
well-graded and had approximately 10% fines. Similar material was used in a field study 
conducted by Mishra (2012) in which the reported fines content was 13%. The difference in fines 
content can be attributed to the method of sieve analysis. (Mishra 2012) conducted washed sieve 
analysis, which might have produced a more accurate estimation of fines content. 
 The reclaimed asphalt pavement (RAP) material (Type E) was also well-graded, with 
approximately 1% of fines (materials passing through No. 200 [0.074 mm] sieve), which 
indicates that the RAP stockpile primarily consisted of coarser aggregate sizes. In addition, fines 
sticking to the conglomerates at aggregate-binder interface can be a contributing factor to the low 
fines content. Type F was similar to Type G dolomite except that this particular virgin aggregate 
had a larger top size (62.5 mm [21/2 in.]).  
 Conventional sieve analysis was not possible in the case of primary crusher run CS02 
aggregates (Type C) because the majority of the aggregate particles had sizes in the range of 100 
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to 200 mm (4 to 6 in.). As a result, the field imaging technique as discussed in Section 3.2 was 
used to determine the particle sizes of Type C materials; these particle sizes were expressed in 
terms of percent passing through a specific opening. Type C was the coarsest and had the most 
uniform gradation of all materials used in the study. 
 Along with particle size distribution, aggregate morphological indices were estimated 
either with a field image segmentation technique or by the Enhanced UofI Aggregate Image 
Analyzer (E-UIAIA). Figure 3.4 (a) presents the angularity indices of selected aggregates. The 
dotted vertical lines identify the angularity index boundaries with which a particular aggregate 
type can be categorized as rounded, sub-rounded, sub-angular, or angular. Type G dolomite was 
the most angular aggregate. Type E RAP had the most rounded particles. Asphalt binder sticking 
to the aggregates might have contributed to the rounded shape of RAP particles.  
 Moaveni et al. (2016) investigated aggregate morphological properties of reclaimed 
asphalt pavement materials from six different sources collected from Northern Illinois. Using the 
enhanced UIAIA device, the researchers recorded slightly higher values of angularity index and 
surface texture compared to the values obtained in this study. However, the aforementioned 
study did not involve any other types of aggregates. Gudimettla et al. (2006) compared the 
aggregate shape properties of RAP aggregates to those of uncrushed gravel, crushed granite and 
crushed limestone using the Aggregate Imaging System. According to that study, the angularity 
and surface texture indices of RAP were found to be higher than those of uncrushed gravel and 
crushed limestone and lower than those of crushed granite. 
 Such discrepancy between the measured shape properties of RAP in this study and the 
ones reported in previous studies may be attributed to the aspect of material quality. As discussed 
in Subsections 3.2.2 and 3.2.3, comparatively poor quality reclaimed asphalt pavement materials 
are generally used for subsurface layers. The thin coating of aged binder around the apparently 
poor quality round shaped RAP particles might have resulted in lower than expected angularity 
and surface texture values. Another important observation is that as the particle size gets smaller 
through the crushing process, the associated material angularity increases. For example, Type C 
primary crusher run aggregates had the lowest angularity among the virgin aggregates. Type A, 
with intermediate particle size, had higher angularity, followed by Type G with the highest 
angularity. The graph presented in Figure 3.4 (b) shows texture indices recorded for five 
different aggregate types. Similar to the angularity index graph, the dotted lines show the 
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boundaries for texture classification, ranging from very smooth to very rough. Similar to its 
angularity index (AI) properties, Type G had the highest texture index among the aggregates. 
Types B, C, and E exhibited similar surface texture. The trend of an increase in morphological 
indices with smaller particle sizes was consistent for surface texture indices as well. Compared 
with other aggregates, Type E RAP had the highest percentage of very smooth particles.  
 Figure 3.4 (c) shows the flat and elongated ratios for the five aggregate types. Similar to 
the preceding trends, Type G also exhibited the highest flat and elongated ratio followed by 
Types A, E, B, and C, in that order. In the case of virgin aggregates, as the particle size gets 
smaller, all three shape indices get higher. Pan et al. (2006) studied the effect of coarse aggregate 
morphology on the permanent deformation behavior of HMA (Pan et al. 2006). According to that 
study, HMA mixtures consisting of aggregates with higher angularity and/or texture are likely to 
perform better under rutting.  
3.3.3 Los Angeles Abrasion Tests 
Los Angeles (LA) abrasion tests were conducted in accordance with the ASTM C131 standard 
specification to determine resistance to abrasion. Results from the LA Abrasion tests are 
presented in Figure 3.4 (d). According to Figure 3.4 (d), Type A and B materials exhibited 
similar LA abrasion values in terms of material loss. In contrast, Type D had the least amount of 
material loss during the abrasion test. 
 One important observation from the abrasion loss is that the resistance to abrasion was 
not influenced by the virgin versus recycled material sources. Overall, the reported values were 
very similar to one another. The mineralogical composition might have contributed to similar 
abrasion resistance by the four different types of aggregates. Notably, the majority of the rocks 
native to the state of Illinois are sedimentary rocks originated from lithification of weathered 
rocks and sediments (ISGS 1997, 2017). Among various types of sedimentary rocks, limestone 
and dolomite are the most widely quarried mineral aggregates in Illinois. Therefore, even if the 
recycled materials were sourced from either crushed concrete or reclaimed asphalt pavement, the 
underlying mineralogy of component aggregates is likely to be similar across the material 
sources and thus, the LA abrasion ratios turned out to be similar in magnitude.  
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3.3.4 Moisture-Density Relationships 
Figure 3.5 summarizes the compaction characteristics along with immediate bearing value (IBV) 
test results for the two capping aggregates. Maximum dry densities and corresponding optimum 
moisture contents were obtained via standard compactive effort in accordance with ASTM D698. 
Unsoaked California bearing ratio (CBR), commonly known as the immediate bearing value 
(IBV) in Illinois was determined for each of the specimens compacted for moisture-density 
relationships in accordance with ASTM D1883. During the unsoaked CBR tests, each specimen 
was penetrated by a circular plunger of 19.5 cm2 area at a rate of 0.127 cm/min (1/2 in.).  
 Type G dolomite had a maximum dry density of 22.1 kN/m3 (141 pcf) at an optimum 
moisture content of 7.7%. Maximum dry density recorded for Type E RAP was approximately 
15% lower than that of Type G dolomite. Similar to maximum dry density, the optimum 
moisture content of Type E RAP was about 20% lower than that of dolomite capping aggregates. 
Similar observations were reported by other researchers in the past (MacGregor et al. 1999; 
Bennert, T. and A. Maher 2005; Sayed et al. 1993; Taha et al. 1999). However, Garg and 
Thompson (1996) reported increasing trends in RAP optimum moisture content compared to 
virgin aggregates which contradict the finding from this study. This can be attributed to the 
difference in fines content (material passing the No. 200 sieve) in the tested material. The current 
study evaluated a RAP material that had less than 1% fines, whereas Garg and Thompson (1996) 
investigated RAP materials with fines content in the range of 3.8% and 4.6%. Higher fines 
content will introduce more water in the aggregate base, resulting in higher moisture contents as 
described in the literature. The decreased compacted density can be attributed to the binder 
coating the RAP aggregate particles and minimizing the dry weight of solids in a unit volume. 
Also, very low fines content prevents the RAP aggregate matrix from filling the voids, resulting 
in reduced density. 
  In addition, at dry of optimum and near optimum conditions, IBVs recorded for Type G 
were significantly higher than those of RAP. In contrast, both of the capping aggregates 
exhibited similar strengths in terms of IBVs at wet of optimum moisture conditions. Unlike Type 
E, Type G dolomite exhibited higher moisture sensitivity in terms of a decrease in unsoaked 
CBR values. At an optimum moisture content of 7.7%, dolomite exhibited an IBV of 26%. In 
contrast, Type E RAP exhibited an IBV of only 12% at optimum moisture content. As discussed 
in Chapter 1, material strength is often closely linked to rutting performance of unbound granular 
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layers. Accordingly, Type E RAP capping is expected to deform more under a moving wheel 
load than Type G dolomite capping. 
3.3.5 Monotonic Triaxial Shear Strength Tests 
Monotonic triaxial strength tests were conducted at three different confining pressures with a 
controlled strain rate of 1% per minute to determine the shear strength parameters, i.e. cohesion 
and friction angle. To evaluate particle size effects, two specimen sizes in two triaxial chambers 
were used to assess strength. In conformance with the IDOT required field density, specimens 
consisting of Type G and E materials were compacted to 95% of the maximum dry density with 
standard effort. Those specimens were 305 mm (12 in.) high and 152 mm (6 in.) in diameter. On 
the other hand, specimens twice that size were prepared and tested for shear strength of Type A 
and Type D materials. The following subsections present the information on specimen 
preparation and compaction procedure followed by the associated test results. 
3.3.5.1 Specimen Preparation and Compaction 
The large-scale triaxial test specimens (305 mm [12 in.] diameter and 610 mm [24 in.] height) 
were compacted using a customized vibratory rammer inside an aluminum split-mold in 4 lifts. 
The split mold was assembled and two latex membranes (total thickness of 1.52 mm) were 
folded over the top of the mold and secured with an O-ring. A geosynthetics fabric was placed in 
between the mold and the membranes to ensure cushioning such that compaction induced 
particle movement did not damage the aluminum mold. A vacuum line was attached to the mold 
to hold the membranes tight against the wall. A filter fabric was placed over the bottom platen to 
prevent the vacuum port from clogging. 
Pre-determined amounts of Type A (virgin riprap) or Type D (blended recycled 
aggregates) was placed in the mold in four equal lifts with each lift compacted for approximately 
4 seconds using a 27-kg (64-lb) electric jackhammer. Each layer was compacted to a pre-
calculated thickness (152 mm [6 in.]). Proper bonding at the layer interfaces was ensured by 
scarifying the top 51 mm (2 in.) of each compacted layer before the next layer was placed. 
After compaction, the vacuum was removed from the split mold and attached to the 
nozzle located at the side-rim of the bottom platen. The induced suction held the compacted 
specimen intact with membrane confinement. A third seamless membrane (0.76-mm thick) was 
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placed over the specimen to ensure airtightness of the specimen. A loading platen was placed on 
top of the specimen and secured to the specimen using O-rings. The third membrane was 
required because the first two membranes generally get punctured during specimen compaction. 
Figure 3.6 shows different steps in the specimen compaction process. The numbered 
photos in Figure 3.6 correspond to the following individual steps: (1) two inner latex membranes 
attached to the bottom platen using O-rings before placement of the aluminum split mold; (2) 
aluminum split mold with latex membranes wrapped around and held with O-rings; (3) material 
being placed inside the split mold over the filter fabric; (4) first layer of aggregates placed inside 
the aluminum split mold ready for compaction; (5) electric jackhammer used for specimen 
compaction suspended from battery-operated fork-lift; (6) top of the compacted specimen 
checked to ensure horizontal orientation; (7) compacted specimen mounted with LVDTs and 
load cell; and finally, (8) instrumented specimen confined within acrylic chamber ready to be 
mounted underneath the load frame. 
For unbound layers, IDOT requires at least 95% of maximum dry density with a standard 
compactive effort to be achieved in the field. To this end, the intermediate size triaxial test 
specimens (152 mm [6 in.] diameter and 305 mm [12 in.] height) for Type G capping material 
was compacted with standard compactive effort (AASHTO T99) in three lifts. Required amount 
of materials for a specimen with aforementioned dimensions and a target density level equivalent 
to 95% of maximum dry density with standard compactive effort, was weighed and then, 
compacted in three equal layers with a repetitive 2.5 kg (5.5 lbf) hammer drops from a height of 
305 mm (12 in.).  It was assumed that the target density was achieved when the entire amount of 
weighed materials were compacted to the designated height of 305 mm (12 in.). Therefore, the 
required number of blows to reach the maximum dry density was not recorded. 
3.3.5.2 Test Results 
Figure 3.7 shows the shear strength trends of Types A, D, E and G aggregate materials along 
with Mohr-Coulomb parameters. All of the four materials were tested at three different confining 
pressures, i.e. 69, 103 and 138 kPa (10, 15 and 20 psi), respectively. Conforming to the stress-
hardening nature of granular materials, these four materials exhibited increased strength with an 
increase in confining pressure, However, the magnitude and change in deviator stresses with 
respect to the increase in axial strain level were different from one another for these materials. 
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 In terms of magnitude, Type G materials had the highest strength among the 
aforementioned aggregate types (see Figure 3.7) with respect to the angle of internal friction. 
Although both Type E and G were dense graded aggregates, the documented cohesion in case of 
Type E reclaimed asphalt pavement (RAP) was slightly higher than that of Type G crushed 
dolomite. Moreover, the crushed dolomite failed at less than 2% axial strain for all of the 
confining pressure levels. Conversely, the 100% RAP materials did not exhibit such consistent 
shearing behavior. 
 The effect of aggregate packing had significant influence in defining the stress-strain 
curves. Both of the dense-graded materials (Type E and G) exhibited higher friction angles 
compared to the large size open-graded aggregate types (Type A and D). Accordingly, the lowest 
magnitude of friction angle was recorded during the shear strength tests on Type A virgin riprap. 
As mentioned previously, Type A aggregates were very uniformly graded with large amounts of 
voids in the particulate matrix. Contrary to that, Type D aggregates were somewhat well-graded 
and contained numerous smaller particles that filled the voids. This discrepancy was evident 
from the shape of the stress-strain curve (see Figure 3.7). Visual examination during the shear 
strength tests revealed that Type A aggregates exhibited continuous particle reorientation to 
reach an optimized packing condition under increasing deviator stress, while Type D exhibited a 
smoother increase in deviator stress with an increase in axial strain. Furthermore, the presence of 
smaller particles in the aggregate matrix contributed to the cohesion of respective materials. As a 
result, the uniformly graded Type A limestone riprap was the only material which did not exhibit 
any cohesion. Owing to the lowest magnitude of friction angle and zero cohesion, the open 
graded Type A aggregate is likely to self-consolidate when subjected to simulated traffic load. 
3.3.6 Resilient Modulus Testing on Capping Aggregates with UI FastCell 
Resilient modulus and permanent deformation behavior of the capping materials were 
characterized through repeated load triaxial tests using the University of Illinois FastCell (UI-
FastCell) test setup. The UI-FastCell can switch and pulse the major principal stresses both in the 
axial and radial directions by the use of the two independently controlled stress channels. This 
facilitates anisotropic modulus characterization of triaxial specimens through separate pulsing in 
the axial and radial directions. Cylindrical specimens of equal height and diameter (152 mm 
each) were compacted at 95% of maximum dry density (with standard compactive effort). Test 
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specimens were prepared in the same manner as the intermediate size triaxial test samples 
described in Section 3.3.4.1. The only exception was that the height of the resilient modulus 
specimens was 152 mm (6 in.) instead of 305 mm (12 in.). Two replicates of each material were 
tested to verify the consistency and repeatability of the test results. 
 In accordance with the AASHTO T307 resilient modulus (MR) test procedure, each 
specimen was first conditioned through 1,000 cyclic load applications with a deviator stress of 
103 kPa (15 psi) and an all-around confining pressure of 103 kPa (15 psi). Accumulation of 
permanent deformation was monitored throughout the conditioning phase. After initial 
conditioning, directional resilient modulus tests were performed by independently pulsed load 
applications on the samples, first in the axial direction followed by pulsing in the radial direction. 
The 15 stress states specified in AASHTO T 307 were used for pulsing both axial and radial 
directions. The vertical and horizontal moduli were calculated from the independent pulsing tests 
using the following set of isotropic stress-strain equations. 
 







          







Horizontal Pulsing Only: 








  3 3
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 ε1 = Axial strain; 
 ε3 = Radial strain; 
 ν  = Poisson’s ratio; 
 σ1d = Axial (pulsed) deviator stress; 
 σ3d = Radial (pulsed) deviator stress; 
 MRv = Resilient modulus in vertical direction; and 
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 MRh = Resilient modulus in horizontal direction. 
  
Test results from the directional modulus testing are presented in Figure 3.8. The same 
figure also shows the K-θ model parameters established from the bulk stress and resilient 
modulus values of these materials. The K-θ model exponent ‘n’ value decreased with the 
increase in K value for both axial/ vertical and radial/ horizontal pulsing conditions. This 
observation was in agreement with the trends reported in previous studies (Mishra and 
Tutumluer 2012; Rada and Witczak 1981). 
 According to Figure 3.8, Type E reclaimed asphalt pavement aggregates exhibited higher 
magnitude of vertical resilient modulus values than Type G crushed dolomite. Previously, 
numerous studies have been conducted on the resilient modulus characterization of virgin 
aggregates and RAP (Dong and Huang 2013; Hoppe et al. 2015; Thakur and Han 2015; Wu 
2011). Trends established in those studies conform to aforementioned finding observed in this 
study. Contrary to the higher values of vertical resilient modulus, Type E RAP exhibited similar 
horizontal resilient moduli when compared to the horizontal moduli obtained from testing Type 
G virgin dolomite. 
 The coefficient of determination (R2) values obtained from fitting the K-θ model to 
horizontal modulus test data were, in general, lower than those from the vertical modulus test 
results. Note that higher load levels were applied (4 times higher) with horizontal pulsing to 
achieve the same stress states when compared to vertical pulsing. Furthermore, an air over oil 
based pressure interface, which controls the horizontal pulsed stresses in UI-FastCell, has often 
been less exact for applying target stress values when compared to the axial pneumatic system. 
 Figure 3.9 (a) shows the development of permanent strain with increasing number of load 
cycles over the conditioning phase of resilient modulus testing for the two different capping 
materials. According to Figure 3.9 (a) Type E RAP accumulated higher permanent strain than 
Type G crushed dolomite. The test results were also fitted to the phenomenological model 




p aN    
where: 
 p = permanent strain; 
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 N = number of cycles; and 
 a, b = model coefficients. 
  
Previous literature indicates that the model parameter ‘a’ corresponds to the permanent 
deformation accumulation during the initial cycles of the repeated load triaxial testing; whereas, 
the parameter ‘b’ relates to the rate of permanent strain accumulation. The higher rate of 
permanent strain accumulation by Type E 100% RAP clearly becomes evident from the higher 
magnitude of ‘b’ parameter. The ‘b’ parameter for RAP was found to be 53% greater than that of 
Type G crushed dolomite. This can also be illustrated in Figure 3.9 (a). Permanent strain in Type 
E RAP specimens continued to increase even at the end of conditioning phase compared to that 
of Type G crushed dolomite. As discussed in Chapter 2, permanent deformation is significantly 
affected by the shear strength property (Barksdale 1972). Material strength indices in terms of 
low IBV values and low friction angle might have contributed to the higher rate of permanent 
strain accumulation during the conditioning sequence of resilient modulus test. 
 Anisotropic modulus ratio (MRh / MRv) in general, defined as the ratio of horizontal 
resilient modulus to the vertical one, determined from independent pulsing in the horizontal and 
vertical directions, has been used by researchers as an indicator of material quality (Seyhan and 
Tutumluer 2002b; Tutumluer 2000; Tutumluer and Seyhan 1999a, 2000). In Figure 3.9 (b), the 
anisotropic modulus ratio trends at diff erent compaction levels were compared at three 
representative stress states applied on the specimen during resilient modulus testing in 
accordance with AASHTO T 307 test protocol. Based on the stress levels applied on the 
specimens, the three stress states were termed as “Low” (σ3 = 35 kPa; σd = 68.9 kPa), 
“Intermediate” (σ3 = 68.9 kPa; σd = 137.9 kPa) and “High” (σ3 = 137.9 kPa; σd = 275.8 kPa) 
respectively, where σs is the all-around hydrostatic confining pressure, and σd is the pulsed 
deviator stress. These stress states are applied during the 5th, 8th and 15th sequence of AASHTO T 
307 test procedure. 
 Seyhan and Tutumluer (2002) reported an increase in anisotropic modulus ratios for good 
quality materials with an increase in stress levels; whereas, poorer quality materials showed an 
overall decrease in modulus ratios with an increase in deviator stresses. Note that higher modulus 
ratio values (approaching unity) essentially implies that the material approaches “isotropic” 
conditions, indicating similar modulus values in the vertical and horizontal directions. The 
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modulus ratios for Type G crushed dolomite increased with the increase in applied deviatoric 
stress which is indicative of good quality material. Conversely, modulus ratio of Type E RAP 
decreased as the applied deviator stress increased from low to intermediate stress state followed 
by an increase at high stress state. Therefore, Type G dolomite is expected to be of superior 
quality compared to RAP based on the anisotropic modulus ratio concept. 
3.3.7 Dynamic Modulus Testing of Asphalt Concrete 
3.3.7.1 Concept of Dynamic Modulus 
The uniaxial dynamic modulus test was first incorporated in the 1979 ASTM standards titled as 
“D 3497: Standard Test for Dynamic Modulus of Asphalt Concrete Mixtures.” The test consisted 
of uniaxial sinusoidal (haversine) load applications at 41, 77 and 104F temperature with three 
different loading frequencies of 1, 4 and 16 Hz. The recommended height to diameter ratio for 
cylindrical specimens was recommended to be 2 : 1. With the advent of Superpave performance 
specifications and newer technologies, the aforementioned test procedure underwent several 
major revisions through National Cooperative Highway Research Program initiative popularly 
known as NCHRP 9-29. 
The revised procedure was standardized as AASHTO T342 in 2011. This particular 
procedure involved repeated haversine load of 0.12 to 25 kN at six different frequencies (0.1, 
0.5, 1, 5, 10, 25 Hz) and five different temperatures (14, 40, 70, 100, 130 F). Figure 3.5 shows 
the dynamic modulus test conditions (Witzack 2005). A 60-second rest period was used between 
each frequency cycles to allow some recovery time before subjecting the specimen to loading at 
the next lower frequency. The height to diameter ratio for the cylindrical specimens was also 
revised to be 1.5:1 with a nominal maximum aggregate size less than or equal to 11/2 inch. 
For visco-elastic materials like asphalt mixtures, the dynamic modulus is expressed in 
terms of a stress-strain relationship under continuous sinusoidal loading and also referred as 
complex modulus, E* with a real and imaginary component. Figure 3.10 exhibits the schematic 
of stress-strain relationship for complex modulus where the blue and red lines designate 
respective sinusoidal stress and strain responses. The sinusoidal stress at a certain time, t can be 
interpreted as: 
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 0t Sin t     
where: 
ω = angular frequency in radian per second; 
t = time (sec). 
Respective dynamic strain at the above-mentioned time, t can be given by: 
 0t Sin t      
The time lag between the strain, 0 and stress, 0 can be defined as the phase angle 
indicative of viscous (or elastic) properties of the asphalt concrete materials.  As indicated in 
Figure 3.10, the phase angle of asphalt concrete materials ranges between 0 and 90. For a purely 
elastic material, the phase is equal to zero; whereas, a purely viscous material has a phase angle 
of 90. Mathematically, the phase angle can be termed as: 
 / 360t t      
where: 
t = time-lag between a cycle of stress and strain (seconds); 
t = total time for an applied stress-cycle (seconds). 
 
The complex modulus, E* can be decomposed in two different components namely (i) 
storage and (ii) loss moduli. Equation (a) exhibits the deconstruction of the dynamic modulus 
terminology into the aforementioned components. The storage modulus denotes the elastic 
component of the dynamic modulus; whereas, the loss modulus represents the viscous 
component of dynamic modulus in terms of the dissipated energy. Equations (a) and (b) show the 
storage and loss moduli, respectively. 
 
*E E iE             (a)  
 0 0/E Cos              (b) 
 0 0/E Sin               (c) 
where: 
E′ = storage or elastic component of complex modulus; 
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E = loss or viscous component of the complex modulus; 
i = imaginary number; 
0 = peak dynamic stress amplitude; 
0  = peak recoverable strain; 
ϕ = phase lag or angle (degrees). 
The loss tangent (tan) is defined as the ratio of the energy lost to the energy stored in a 
cyclic deformation and is equal to: 
/tan E E     
The absolute value of the complex modulus, |E*| is defined as the dynamic modulus. 
Mathematically, the dynamic modulus can be defined as: 
     
2
2 2* 2 20
0 0
0





     
 
    
Asphalt concrete stiffness (dynamic modulus) can be influenced by temperature, rate of 
loading, binder aging, confining pressure, mixture characteristics like asphalt binder viscosity, 
aggregate gradation, binder content and air voids (ARA Inc. 2002). Typically a theoretical 
master curve is derived by time-temperature superposition with respect to a reference 
temperature to account for the effect of temperature and rate of loading on asphalt concrete 
stiffness. The arbitrary value for reference temperature is generally set to be 70F. The time-
temperature superposition principle allows to shift the dynamic modulus values at different 
temperatures on the loading time or frequency scale to produce the master curve as a sole variant 
of the respective time or frequency. The magnitude of the shift can be defined by the following 
formula: 
Reduced frequency: 
        r rf f a T log f log f log a T         
where: 
 fr = reduced frequency; 
a(T) = shift factor.  
Reduced time: 
 
      r r
t
t log t log t log a T
a T
        




 tr = reduced time; 
a(T) = shift factor.  
  
 Kim et al. (2015) listed four different empirical functions relating the test temperature 
and reference temperature for the determination of corresponding shift factors. These empirical 
functions as presented in Table 3.6 should be pre-determined experimentally for all four 
function-forms. Note that numerous modified forms of these functions exist in the documented 
literature. Detailed discussion on these principles is beyond the scope of this chapter and can be 
found elsewhere (Kim et al. 2015; NCHRP 2004; Rowe et al. 2009; Rowe and Sharrock 2011). 
  Master curve for the dynamic modulus can be derived on the basis of sigmoid functions. 
Table 3.7 shows two different variants of sigmoid functions that can be fitted to the master curve 
for dynamic modulus values determined at different temperatures and frequencies. Note that the 
term ‘fr’ stands for reduced frequency obtained by multiplying the shift factor to actual 
frequency. The fitting parameter, ‘γ’ indicates how steep the sigmoid function is i.e. how fast the 
modulus is changing from the minimum value to the maximum. The parameter, ‘β’ designates 
the horizontal inflection point at which the rate of change in dynamic modulus values changes 
from positive to negative. The term, ‘δ’ is associated with the lowest value of asphalt mix 
modulus generally caused by high temperature and low frequency. 
3.3.7.2 Specimen Preparation and Compaction 
Two different asphalt concrete mixes (binder and surface course) were used to surface the full-
scale test sections. Three replicate specimens, each having an approximate height and diameter 
of 170 mm (6.7 in.) and 152 mm (6 in.), respectively, were compacted with Gyratory effort with 
air voids ranging between 6.5 to 7.5%. All of the compacted specimens were trimmed to a height 
and diameter of 152 mm (6 in.) and 102 mm (4 in.), respectively maintaining the required height 
to diameter ratio for dynamic modulus test specimens as discussed in the preceding subsection. 
Table 3.8 presents the job mix description of IDOT (Region 3/ District 5) approved hot 
mix asphalt materials provided by the contractor. The nominal maximum aggregate size 
(NMAS) of the binder course was twice the NMAS of the surface course. Accordingly, the 
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binder mix had higher theoretical maximum specific gravity than the surface mix. Voids in 
mineral aggregates (VMA[%]) of the N50C surface mix was found to be higher than that of the 
binder course. A similar trend was also found in the voids filled with asphalt (VFA[%]). Note 
that, voids in the mineral aggregate (VMA) are the air-void spaces that exist between the 
aggregate particles in a compacted paving mixture, including spaces filled with asphalt. VFA is 
the percentage of voids in the compacted aggregate mass that are filled with asphalt cement. 
Also, the reported VFA values were typical of low volume roads (70-80% for less than 300,000 
equivalent single axle load) according to the Superpave specifications (Roberts et al. 1996). For 
the finer surface course, the reported asphalt content in the job mix description was also found to 
be higher than that of the binder mix. 
3.3.7.3 Test Results  
Dynamic modulus testing in this study was conducted on both of the mixes in accordance with 
AASHTO T342 standard specification. Master curves for the respective mixes were developed at 





















































































   
|E*|max = limiting maximum mixture dynamic modulus (ksi); 
VMA = voids in mineral aggregates (%); and 
VFA = voids filled with asphalt (%). 
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 Since viscosity-temperature data were not available for the binders used in the mixture, 
shift factors were calculated from the Arrhenius equation presented in Table 3.6. Figure 3.11 (a) 
and (b) exhibit the master curves and black space diagram for the binder and surface mixes. The 
black space diagram is generally used to assess the linear viscoelastic behavior without the 
influence of temperature and frequency (Swamy et al. 2011). Even if two different mixtures have 
the same dynamic modulus at a given frequency, the black space diagram can differentiate the 
relative viscous/elastic response of the respective mixtures. At a given dynamic modulus, the 
material exhibiting higher phase angle is anticipated to be more viscous than the other. The 
relative stiffness of mixtures with the same phase angle at a particular frequency can also be 
compared. 
 For both of the mixes, the frequency had minimal impact on dynamic modulus at low 
temperature. Based on the actual test data, dynamic modulus values exhibited a considerable 
decreasing trend with the increase in loading time (decrease in frequency) at temperatures equal 
to or greater than 4C. This can be corroborated by the comparison of the master curves for the 
two mixes. Beyond the frequency of 0.001 Hz, surface course exhibited significantly lower 
dynamic modulus than the binder mix. 
 Although both of the mixes had similar dynamic modulus at low temperature and high 
frequency, the relative difference in stiffness becomes evident from the black space diagram 
presented in Figure 3.11 (b). The binder mix consistently exhibited higher modulus values than 
the surface mix at a friction angle equal to or greater than 15.  Note that the high-temperature 
end (54C) of the dynamic modulus test spectrum is in close proximity to the high-temperature 
end of the binder performance grade (PG 64-22) and the binder viscosity at this temperature is 
expected to be considerably low. At such higher temperature, the contribution of the large 
aggregates in the HMA granular skeleton became evident from the relatively high dynamic 
modulus values. As a result of the enhanced aggregate interlock, the dynamic moduli of binder 
mix were relatively higher than those of the surface mix at higher phase angles. 
 However, the binder mix also exhibited a significant amount of variation in dynamic 
modulus values with the increase in loading duration. Considering the nominal maximum 
aggregate sizes of the two asphalt concrete mixes, the surface course was expected to be more 
homogeneous than the binder course. This might have also reflected in the high magnitude of 
variation in binder course dynamic modulus values.  
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3.4 Summary of Observations from Laboratory Testing 
Laboratory investigations on particle size distribution, aggregate morphology, abrasion loss, 
compaction characteristics, shear strength and resilient modulus were conducted for the selected 
aggregate materials. The following list outlines the major observations from these tests: 
i. On the basis of sieve analyses, the maximum particle size for Type C primary crusher run 
aggregates was the highest. Among the dense-graded materials, Type E RAP had the 
least amount of materials passing through No. 200 sieve. 
ii. Image analyses on the selected materials revealed that shape properties such as the 
angularity, texture, and flat and elongated ratio all increased as the aggregate material 
particle sizes got smaller representing a shift from primary crushing to the tertiary 
crushing stage. Overall, Type E RAP had the most rounded aggregates with the lowest 
surface texture properties. 
iii. In terms of abrasion loss, Type D blended recycled aggregates were slightly better than 
Type A and Type B aggregates. 
iv. Owing to limited fines content and binder presence, RAP exhibited lower maximum dry 
density compared with virgin dolomite. On a similar note, Type G dolomite had higher 
immediate bearing values compared with RAP at dry of optimum or near optimum 
moisture condition.  
v. Shear strength tests indicated that aggregate subgrade layer consisting of open graded 
Type A riprap aggregate is likely to reorient when subjected to higher magnitude of 
loading, leaving it susceptible to a higher accumulation of permanent deformation/rutting. 
vi. Despite exhibiting higher axial modulus values, Type E RAP exhibited higher rutting 
potential compared Type G crushed dolomite during the conditioning sequence of 
resilient modulus testing. 
vii. At low temperature and high frequency, both of the asphalt concrete mixes (binder and 
surface courses) exhibited similar magnitude of the dynamic modulus. However, at high 
temperature and low frequency, the binder course exhibited higher dynamic modulus 
compared to the surface course. 







3.5 Tables and Figures 
Table 3.1: Gradation Bands Approved by Illinois Department of Transportation for Coarse Aggregates 
75 mm 63 mm 50 mm 37.5 mm 25 mm 19 mm 12.5 mm 9.5 mm 4.75 mm 2.36 mm 1.18 mm 300 μm 75 μm
3 in. 2 1/2 in. 2 in. 1 1/2 in. 1 in. 3/4 in. 1/2 in. 3/8 in. No. 4 No. 8 No. 16 No. 50 No. 200
CA 1 100 95±5 60±15 15±15 3±3
CA 2 100 95±5 75±15 50±15 30±10 20±15 8±4
CA 3 100 93±7 55±20 8±8 3±3
CA 4 100 95±5 85±10 60±15 40±10 20±15 8±4
CA 5 97±3 40±25 5±5 3±3
CA 6 100 95±5 75±15 43±13 25±15 8±4
CA 7 100 95±5 45±15 5±5
CA 8 100 97±3 85±10 55±10 10±5 3±3
CA 9 100 97±3 60±15 30±15 10±10 6±6
CA 10 100 95±5 80±15 50±10 30±15 9±4
CA 11 100 92±8 45±15 6±6 3±3
CA 12 100 95±5 85±10 60±10 35±10
CA 13 100 97±3 80±10 30±15 3±3
CA 14 90±10 45±20 3±3
CA 15 100 75±15 7±7 2±2
CA 16 100 97±3 30±15 2±2
CA 17 100 65±20 45±20 20±10 10±5
CA 18 100 95±5 75±25 55±25 10±10 2±2
CA 19 100 95±5 60±15 40±15 20±10 10±5
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Table 3.2: IDOT Approved Coarse Aggregate Gradations for Granular Layers 
Type of Granular Layer Gradation 
Granular Embankment, Special CA 6 or CA 101 
Granular Subbase 
Subbase Granular Material, Type A CA 6 or CA 102 
Subbase Granular Material, Type B CA 6, CA 10, CA 12, or CA 192 
Subbase Granular Material, Type C CA 7, CA 11, or CA 5 & CA 73 
Stabilized Subbase CA 6 or CA 104 
Aggregate Base Course CA 6 or CA 102 
Aggregate Surface Course: 
Type A CA 6 or CA 101 
Type B CA 6, CA 9, or CA 105 
Aggregate Shoulders CA 6 or CA 101 
1Gradation CA 2, CA 4, CA 9, or CA 12 may be used if approved by the 
Engineer 
2Gradation CA 2 or CA 4 may be used if approved by the Engineer 
3If the CA 5 and CA 7 blend is furnished, proper mixing will be required either 
at the source or at the job site according to Article 1004.02(d) 
4Gradation CA 2, CA 4, or CA 12 may be used if approved by the Engineer 
5Gradation CA 4 or CA 12 may be used if approved by the Engineer 
 
 














Coarse Aggregate Subgrade Gradations 
Sieve Size and Percent Passing 

















CS01 100 97±3 90±10  45±25  20±20  
CS02  100 80±10  25±15    
RR01    100  53±23   
 
 




Table 3.4: Selected Materials for Current Study 
Material ID Material Description Target Gradation 
Type A Riprap Size Virgin Aggregates RR01 
Type B Large Size Crushed Concrete CS01 
Type C Primary Crusher Run Aggregates CS02 
Type D 60%-40% Blend of Large RCA and RAP CS01 
Type E 100% Reclaimed Asphalt Pavement Aggregates CA06 
Type F Large Top Size Base Course Aggregates CA02 
Type G Typical Illinois Base Course Aggregates CA06 
*RCA = Recycled Concrete Aggregates; 
  RAP = Reclaimed Asphalt Pavement Aggregates. 
 




Rest Period Between 
Frequency Cycles (sec) 
Cycles to 
Compute E* 
-12.2, 4.4, 21.1, 
54.4, 37.8 (10, 40, 
70, 100, 130) 
25 200 - 196 to 200 
10 100 60 196 to 200 
5 50 60 96 to 100 
1 20 60 16 to 20 
0.5 15 60 11 to 15 
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Table 3.6: Mathematical Functions for Shift Factors 
Model Reference Equation Parameters 








   
 
 
Ea = activation 
energy used as a 
regression constant; 
R = universal gas 
constant; 
T = temperature 
(K); 
Tref = reference 
temperature; 
C1, C2 = constants; 
Td = inflection 
temperature; 













































Rowe and Sharrock 
(2011) 
  2loga T T T      
Table 3.7: Sigmoid Functions for Dynamic Modulus Master Curves 
Master Curve Functions References Parameters 












 NCHRP (2004) 
|E*| = dynamic modulus; 
δ = minimum value of |E*| 
α = range of dynamic modulus; 
δ, β, γ = shape parameters; 
fr = reduced loading frequency; 
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25 1 in. 100 
  19 3/4 in. 98 
  12.5 1/2 in. 76 100 ±6 
9.5 3/8 in. 64 99 
 4.75 #4 38 55 ±5 
2.36 #8 26 36 ±5 
1.18 #16 19 26 
 0.6 #30 13 16 ±4 
0.3 #50 8 9 
 0.16 #100 6 7 
 0.075 #200 4.6 5.4 ±1.5 
Properties of Mix Design Binder Course 
Surface 
Course 
Theoretical Maximum Specific Gravity, Gmm 2.482 2.450 
Air Voids (%) 4.0 4.0 
Voids in Mineral Aggregates, VMA (%) 13.4 15.1 
Voids Filled with Asphalt, VFA (%) 70.1 73.5 
Tensile Strength Ratio, TSR (%) 0.88 0.94 
Aggregate Bulk Specific Gravity 2.619 2.612 


















Figure 3.1: Field imaging setup for large aggregate size and shape characterization 
 
 
Figure 3.2: Steps for binary image extraction through segmentation 
 








Figure 3.3: Particle size distributions of selected materials 









Figure 3.4: (a) Angularity index; (b) Surface texture index; (c) Flat & elongated ratio; and (d) Los Angeles abrasion ratio of selected 
aggregate materials





Figure 3.5: Standard compaction characteristics and immediate bearing values (Unsoaked CBR) 
of capping materials 
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Figure 3.6: Pictures showing different steps involved in large triaxial specimen compaction 
 








Figure 3.7: Shear strength trends of Type A, D, E and G aggregates at 69, 103 and 138 kPa (10, 15 and 20 psi) confining pressure 








Figure 3.8: Resilient modulus of capping materials (Type G and Type E) tested with University of Illinois FastCell 




Figure 3.9: (a) Permanent deformation trends of capping aggregates during conditioning phase; 
(b) Anisotropic modulus ratios of capping materials 
 
Figure 3.10: Stress-strain relationship of asphalt concrete materials 




Figure 3.11: (a) Dynamic moduli and (b) Black space diagram of surface and binder course 
asphalt concrete mixes 
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CHAPTER 4: DESIGN AND CONSTRUCTION OF FULL-SCALE TEST SECTIONS 
4.1 Outline of the Chapter 
This chapter discusses design and construction details of full-scale pavement test sections using 
large size unconventional aggregates. A brief discussion on subsequent accelerated pavement 
testing (APT) effort is also added thereafter. Associated construction quality control and in situ 
material characterization test methodologies are presented alongside the discussion on agency-
specific compaction control practices. Finally, respective test results are discussed in details.   
4.2 Layout and Cross-Sectional Profiles of Full-Scale Test Sections 
The full scale accelerated pavement test facility established at the Illinois Center for 
Transportation (ICT) was the designated construction site for proposed test road in this study. 
Prior to any construction activities, two existing unsurfaced pavements from a previous research 
study were milled to a depth of 0.5 m (21 in.) to prepare the test site. In addition, a 35.0 m (115 
ft) long and 5.5 m (18 ft) wide soil strip was scraped off approximately 0.2 m (9 in.) below the 
existing grade. The length of the entire test road was approximately 105 m (345 ft).  
 Figure 4.1 shows the satellite image for the test road. The test road was divided into three 
test items designated as Cell 1, 2, and 3, respectively. Each cell was further divided into two 
subgroups, referred to as North and South sides, subsequently, for better compaction coverage. 
Note that test sections on the North side were designated as working platforms; whereas, sections 
on the South side were nominated for low volume roads. Upon discussion with IDOT technical 
review panel, subgrade strengths for Cell 1 and Cell 2 were suggested to be CBR 1%, whereas 
Cell 3 was proposed to be constructed on an engineered subgrade with a controlled strength of 
CBR 3%.  
 Laboratory compaction characteristics of existing subgrade soil were obtained from a 
previous study at ICT (Mishra and Tutumluer 2013). Figure 4.2 exhibits the moisture-density 
relationship along with corresponding CBR values. The existing soil at the test road location was 
categorized as low plasticity clayey silt (CL-ML), based on the ASTM D2487 Unified Soil 
Classification System. With a standard compactive effort (ASTM D698), the maximum dry 
density and optimum moisture content were documented to be 19.9 kN/m3 and 10.2%, 
respectively. Moisture-density/CBR characteristic curves for the silty subgrade soil showed that 
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target moisture contents to reach subgrade CBR strengths of 1% and 3% were 15.5% and 13.2%, 
respectively. 
 Table 4.1 lists the design thicknesses of the constructed test sections. In light of IDOT 
subgrade stability manual recommendations and special provision 303: crushed stone 
specifications, unbound construction platforms on the north side was proposed to have a 53 cm 
(21 in.) thick aggregate subgrade layer over a CBR 1% subgrade; whereas aggregate subgrade 
thickness was suggested to be 23 cm (9 in.) on the CBR 3% subgrade.  
 A 7.6 cm (3 in.) thick alternating capping layer of Type G dolomite virgin aggregates and 
Type E reclaimed asphalt pavement (RAP) material was placed on top of the constructed 
aggregate subgrade materials. An additional 7.6 cm (3 in.) thick capping layer was also placed on 
top of the existing capping layer on the south side, followed by a 10 cm (4 in.) thick hot mix 
asphalt (HMA) concrete layer. The thickness of the asphalt concrete layer was selected to be 
10.2 cm (4 in.) since this was the most commonly used HMA design thickness for low volume 
roads (as indicated by several Illinois Department of Transportation [IDOT] officials). The odd-
numbered sections had a virgin aggregate capping/ subbase layer, and the even-numbered 
sections had RAP capping/ subbase material.  
 The aggregate subgrade layer was constructed with two lifts in all the test cells, and the 
7.6 cm (3 in.) thick capping layers were constructed with a single lift. The HMA layer was 
constructed in two lifts. Superpave performance grade (PG) 64-22 asphalt cement/ binder was 
used in both HMA lifts; however, the surface lift had a finer aggregate gradation with a nominal 
maximum aggregate size of 9.5 mm (3/8 in.).  
 As indicated in Table 4.1, sections in Cell 1 and 2 were constructed over an engineered 
subgrade strength of CBR = 1%, whereas test sections in Cell 3 were built over a controlled 
strength of CBR = 3%. (The 15.2 cm thick granular layer over the aggregate subgrade layers is 
referred to as a subbase layer in this thesis.) 
 Figure 4.3 illustrates the layout and longitudinal cross-section of the 105.2 (345 ft) m 
long test road consisting of three different test cells to be positioned and tested with the 
Accelerated Transportation Loading Assembly (ATLAS) used as the APT device. The entire 
road was divided into two sides. As mentioned previously, the north side sections were dedicated 
to the construction of working platforms, also referred to as ‘unsurfaced pavements’ whereas 
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sections on the south side were constructed with an additional 7.6 cm (3.0 in.) capping layer and 
10.2 cm (4.0 in.) HMA surface course to prepare low-volume roads. 
 Starting from the west end of the test road, numbering sequence of the test sections 
increased consecutively. Test sections on the north side were designated as CP (abbreviated for 
construction platform); whereas, test sections on the south side were identified with FP (abridged 
for flexible pavements with 10.2 cm [4 in.] thick asphalt concrete surfacing. Aggregate subgrade 
layers in Cells 1 and 2 were constructed with Types A, B, C and D materials. On the other hand, 
test sections with comparatively stronger subgrade of CBR = 3% in Cell 3 had Type E and Type 
F aggregate subgrade materials, respectively. 
 As illustrated in Figure 4.3, ATLAS could be placed over one cell consisting of four test 
sections at a time, which is why the sections were designed such that a constant speed of 8 km/h 
(5 mph) could be maintained during accelerated pavement testing. No wander pattern was 
considered in this study since traffic in low volume roads is anticipated to be very channelized in 
the narrow lane wheel-path (Dawson and Kolisoja 2006). A unidirectional loading of 44.5 kN 
(10 kip) was applied on the constructed test road maintaining a consistent tire pressure of 758 
kPa (110 psi). This particular loading magnitude was selected since several other APT studies at 
the ICT full-scale facility also used the same magnitude of wheel load and tire pressure. The 
primary motivation was to maintain a consistent approach among the ICT research studies and 
thereby, ensure an objective comparison if similar materials were involved in full-scale APT 
efforts. 
 In the test sections, each aggregate subgrade type was separated by a transition zone so 
that the effect of material variability at the section interface would be minimal when rutting 
performances were being compared. Also, a speed stabilization zone at the beginning and end of 
each test cell was used to ensure that acceleration and deceleration did not influence the 
corresponding rutting performances. In addition, each of the test cells had an area approximately 
7 m long that allowed the ATLAS to be placed over the full-scale test sections for accelerated 
pavement testing. 
4.3 Subgrade Strength Modification through Moisture Adjustment 
Mishra and Tutumluer (2013) outlined a comprehensive procedure to achieve a uniform 
subgrade strength through moisture adjustments using the laboratory established compaction 
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characteristics. The current study also followed the same procedure. Figure 4.4 exhibits the 
sequences for engineering subgrade strength to the design values of CBR = 1% and CBR = 3%. 
(i) At first, the existing subgrade was tilled to a depth of 30.5 cm (12 in.) and soil samples 
were collected from 16 designated spots in a test cell for the determination of moisture 
content. The sample collection spots are shown in Figure 4.1. Moisture contents of the 
loose soil samples were measured using a microwave in accordance with ASTM D4643. 
(ii) Upon the determination of moisture contents, the spatial distribution of moisture was 
plotted on a graph. Comparing the contours of moisture profiles with the laboratory 
compaction characteristics and CBR values mentioned in Section 4.2, areas deficient in 
adequate moisture in respective test cell were identified. For example, the top right and 
mid-bottom corner of Cell 2 had a moisture content within the range of 9 to 10.5%—
lacking approximately 5 to 6.5% of the water required to reach a subgrade strength of 
CBR 1%. Accordingly, simple calculations were made about how much water would be 
needed to reach a certain subgrade strength with respect to laboratory compaction 
characteristics. 
(iii) After that, the time required to fill up an 18.9 liter (5 gallon) bucket with a water hose at a 
controlled rate was crudely estimated. The time required to spray water at that same rate 
over those dry spots was then calculated based on the compaction characteristics and 
volume of earthwork. Figure 4.4 (iii) shows the moisture addition over the dry spots in 
test cell 2. 
(iv) After adjusting the moisture content, the loose soil was disked and tilled quickly followed 
by the compaction effort with a sheep’s-foot type roller. This particular vibratory roller 
was used since previous literature indicated that 4 to 6 passes with such vibratory roller 
are adequate to achieve the desired compaction of fine-grained soils (NFEC 1986). As the 
soil got denser upon compaction, the pad indentations of the roller started to walk out of 
the pockets. 
(v) Subgrade strength was evaluated simultaneously by conducting a series of dynamic cone 
penetration (DCP) tests on representative spots of the corresponding test cell. In-place 
CBR values were calculated using a well-established empirical relationship documented 
by Kleyn et al. (1982). The formula correlated CBR to the penetration rate of a dynamic 
cone penetrometer as shown in the following equation: 




   log 2.61 1.26 logCBR PR     
where: 
PR = DCP rate (mm/blow). 
(vi) If the engineered subgrade was found to be too stiff to match the desired strength (CBR 
1% or 3%), the aforementioned steps were iterated on trial and error basis until a uniform 
distribution of subgrade CBR values was achieved in the associated test cell. Although, 
sheep’s foot vibratory roller was the preferred compaction equipment, the engineered 
subgrade with the controlled strength of CBR = 1% became extremely weak to endure 
such high-level compaction. Considering the unintended subgrade deformation resulting 
from heavy vibratory roller passes, several other types of compaction equipment like 
smooth steel drum vibratory roller and skid loader were also tried. However, all of those 
equipment had stability and sinkage problems in the weak subgrade as shown in Figure 
4.4 (vi). To this end, a minimal level of compaction was achieved in Cells 1 and 2 using 
the thumping action of an excavator bucket. 
(vii) The moisture-treated subgrade was immediately sealed with an asphalt binder coat to 
prevent further moisture escape and maintain the achieved level of subgrade strength. 
  
 Figure 4.5 shows the final CBR profile over the depth of Cell 3 test section subgrades. As 
indicated by the dashed lines in Figure 4.5, subgrade CBR values were consistent with the target 
CBR of 3% for that cell. The higher values at depths below 25 cm can be attributed to 
indentations caused by the pads of the vibratory roller. When a soil is compacted by a sheepsfoot 
roller, the compactor leaves a checkerboard pattern of small pockets, 5 cm (2 in.) to 7.5 cm (3 
in.) deep. If a DCP test is conducted in these depressed pockets, the penetrometer is likely to 
reach beyond the tilling depth, thereby resulting in higher resistance, which in turn causes 
increased CBR values. 
4.4 Placement and Compaction of Pavement Layers 
Figure 4.6 shows various construction activities and quality control test equipment. The top left 
corner of the figure shows the placement of large size aggregate subgrade materials installed in 
Cell 1 test sections. Using a dump-truck, the materials were hauled from ICT storage lot and 
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unloaded from the side of the road over the engineered subgrade. The aggregates were then 
spread out uniformly with an excavator bucket. Note that no heavy equipment was allowed to 
operate over the weak subgrade to avoid any premature rutting or sinkage. 
 The unbound aggregate layers were compacted with a smooth vibratory compaction 
roller. Compacting the aggregate subgrade layer was challenging since the small vibratory roller 
frequently skidded through the uneven rocky surface. Therefore, a larger vibratory roller might 
be more helpful to shake down the large aggregate particles to a denser state with a smooth 
surface. Both the aggregate subgrade and hot mix asphalt layers were compacted in two lifts. On 
the other hand, the capping and subbase layers were compacted in single and double lifts, 
respectively. Two different asphalt concrete mix designs were used to construct the two lifts of 
the hot mix asphalt structural layer, namely binder course and surface course. Details on the mix 
design information have already been discussed in Chapter 3. Each of the lift was approximately 
51 mm (2 in.) thick and both lifts were compacted with a vibratory drum roller.  
 After compacting each pavement layer, the resulting grade of the layer surface was 
evaluated with a laser-guided level as shown in Figure 4.6. The same figure also shows the 
finished surface of working platforms and subbase layers in the north and south sides, 
respectively. If the finished surface grade was approved by the representative IDOT engineers, 
nuclear gage tests were conducted on dense-graded layer surfaces as a quality assurance 
initiative by the same officials. Followed by that, in-place material characterization tests for 
unbound layer moduli were performed at the full-scale test facility as shown in Figure 4.6. 
 For future forensic investigation of subsurface rutting, aluminum foil sheets were placed 
on top of the compacted aggregate subgrade in Cell 1 and Cell 2 test sections. For Cell 3, 
aluminum foil was placed over the compacted subgrade. To keep the aluminum foils in place, a 
thin metal-based emulsion paint was also applied over the aggregate layers before laying out the 
foils. The aluminum foil was placed such that subsurface rutting could be assessed through the 
reflection of an electromagnetic wave generated by the ground-penetrating radar (GPR). At the 
bottom right corner of the figure, a customized wooden beam GPR assembly used in the current 
study is shown. Note that no aluminum foil was placed below the aggregate subgrade materials 
in Cell 1 and Cell 2 for three primary reasons: 
i. Potential existence of shallow water table on a CBR = 1% subgrade; 
ii. The installed aluminum foils would get punctured due to the presence of large rocks; and 
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iii. For a 61 cm (24 in.) thick granular layer contaminated at the interface of weak subgrade 
and damaged aluminum foils, the reflection of electromagnetic wave and the subsequent 
interpretation would be potentially misleading.   
4.5 QC-QA and Material Characterization Testing on Compacted Layers 
Quality control is a key step to ensure optimized construction and best-value end performance. 
Density and stiffness are two essential layer properties in the quality control process practiced by 
state agencies and transportation officials (Von Quintus 2009). The ensuing subsection provides 
a summary of acceptance criteria set by various transportation agencies for compaction of 
granular layers using different quality control techniques. Ensued by that discussion, results from 
QC-QA testing are discussed in detail. 
 According to the NCHRP Synthesis 456, LWD, GeoGauge, and DCP are the most 
commonly used non-nuclear devices for compaction control (Nazzal 2014). Henceforth, all of 
these three devices were used for compaction quality control of engineered subgrade and 
unbound granular layers alongside the nuclear gage for density measurements. LWD and 
GeoGauge were used for modulus assessment of compacted layers; whereas, DCP was used for 
the assessment of strength profile with depth. 
 Notably, an understanding of the influence depth of nondestructive testing equipment 
would be helpful to interpret the presented test results. Chang et al. (2011) documented the 
influence depth of the aforementioned devices as presented in Figure 4.7. As shown in the figure, 
these devices have a smaller depth of influence compared to the vibratory roller. Also, the 
thickness of the unsurfaced pavement over CBR =3% subgrade is almost equal to the influence 
depth of the LWD. Hence, the modulus response from LWD tests on the corresponding 
aggregate layer may well be influenced by the engineered CBR = 3% subgrade beneath the 
unbound layer.  
 Note that the DCP testing was done as part of the forensic investigation and will be 
discussed in Chapter 5 together with as-constructed HMA thicknesses and densities in 
conjunction with laboratory-specific gravity tests on field cores. 
4.5.1 Review of QC-QA Specifications 
According to IDOT Subgrade Stability Manual (SSM), existing subgrade will need further 
modification if the strength index (unsoaked California Bearing Ratio [CBR], also known as 
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Illinois Bearing Value [IBV]) of the untreated soil is below 6% and accumulates more than 12.7 
mm (1/2-in.) rutting under construction traffic (Bureau of Bridges and Structures 2005). 
Similarly, the compacted subgrade should have minimum 95% relative compaction with respect 
to standard Proctor maximum dry density (ASTM D698). For aggregate base courses, IDOT has 
similar compaction requirements. In case of the HMA layer, the field density should be in the 
range of 94-98% of the theoretical maximum density (Division of Highways 2012). 
 According to the Indiana Department of Transportation Test Method (ITM) No. 508-12T, 
if a lightweight deflectometer (LWD) exhibits 10% or higher change in deflection for any two 
consecutive drops, the corresponding material shall require additional compaction (INDOT 
2012). Moreover, ITM No. 514-15T dictates that satisfactory compaction of soil or unbound 
layer can be assumed if the difference between the average LWD test values from four and five 
roller passes is equal to or less than 0.02 mm. The same specification requires the in place 
average DCP blow count for a 152.4 mm (6-in.) lift to be equal to that of laboratory established 
DCP target value (INDOT 2015). 
 Similarly, Minnesota DOT specification requires 100% relative compaction in subgrade 
and granular layer with reference to standard maximum dry density. In addition, the same 
specification also restricts DCP penetration to a minimum value based on the gradation and 
moisture condition (MnDOT 2018a; b). All these specifications were developed using regular 
size base course type aggregates. Conversely, this study involves the application of 
unconventional large aggregates. To this end, the unbound layers were compacted to the 
satisfaction of IDOT engineers and conventional norms of QC/QA as outlined above were not 
strictly followed during the construction. 
4.5.2 In-Place Density Assessment 
In situ moisture-density values were measured using a Troxler® 3450 nuclear gauge for the 
assessment of relative compaction. Reported densities of subgrade and aggregate subgrade layers 
were obtained from the direct transmission, whereas backscatter method was used to determine 
the densities of capping layers considering the thin lift of corresponding layers. 
 Figures 4.8 and 4.9 present in situ density results obtained during various phases of 
construction. Only wet densities were recorded for RAP materials because a nuclear gauge 
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produces erroneously high moisture content levels due to the presence of hydrogen-bound 
asphalt binder (McGarrah 2007). 
 Similar to the laboratory test results, recycled materials also exhibited lower in-place 
densities in the aggregate subgrade layer. The chart in the top left corner of Figure 4.8 shows that 
the lowest nuclear gauge density was recorded in the case of blended recycled aggregates (Type 
D) because of larger air voids associated with larger aggregate sizes. The average in situ recycled 
asphalt pavement (RAP) density was 94% of laboratory-obtained maximum wet density. 
 Densities were measured at two different numbers of roller passes to verify whether there 
was an increase in density with the increase in compactive effort. The effect of compactive effort 
was inconclusive, as shown in Figure 4.8. However, Type F aggregate subgrade materials 
exhibited higher nuclear gauge densities, as indicated by the numbers for Section CP-XII and 
Section FP-XI. This observation was consistent with the laboratory compaction characteristics of 
similar Type G crushed dolomite aggregates and previous literature. 
 Nuclear gauge dry densities recorded for the Type G capping layer are presented in the 
chart at the top right corner of Figure 4.8. As shown in the figure, dolomite capping densities 
were significantly lower than the laboratory maximum dry density, as indicated by the dotted 
line. Except for Section CP-I, the remaining sections in that graph achieved relative compaction 
in the range of 79% to 87%.  
 In the chart at the bottom left corner of Figure 4.8, wet densities of dolomite capping 
layer are presented. The test section constructed over Type E and Type F aggregate subgrade 
with a dolomite capping exhibited a similar degree of compaction. However, the achieved 
densities were low compared with the laboratory maximum wet density with standard 
compactive effort.  
 In the chart at the bottom right corner of Figure 4.8, wet densities recorded for Type E 
RAP capping materials are shown along with the target maximum wet density. Judging by the 
trends, Type E RAP was found to exhibit better relative compaction. Section CP-XII constructed 
with a Type E capping layer over Type F aggregate subgrade achieved a relative compaction 
level as high as 100%. 
 This higher relative compaction can be attributed to three primary factors: (1) the average 
moisture content in the aggregate stockpile was between 5.5% and 5.7%, which is closer to the 
optimum moisture content of RAP compared with that of dolomite; (2) based on the imaging 
   
142 
 
based shape characterization in Chapter 3, CA06 crushed dolomite had the highest percentage of 
flat and elongated particles; as a result, these particles tend to break more under laboratory 
impact compaction than field vibratory compaction, leading to larger amount of smaller particles 
acting as filler material in the air voids of aggregate matrix—hence, lab density is higher than 
field densities; (c) the binder tends to act as a filler material that is more ductile and compressible 
under compaction, resulting in better relative compaction. 
 Because of the significantly low values, a compaction growth curve was developed to 
optimize density achieved in the field. On the basis of the proof rolling results, 18 roller passes 
were the most feasible choice.  
 Figure 4.8 shows the wet densities recorded for two subbase materials. In situ moisture 
content of the dolomite aggregates was in the range of 4% to 6%. This indicates that the Type G 
dolomite capping layer had a dry of optimum condition during construction. Hence, the achieved 
densities were significantly low compared with laboratory maximum wet densities, similar to the 
observations from capping layer. Compared to dolomite densities, RAP exhibited even lower 
densities. Subbase densities of RAP over CBR = 3% subgrade was slightly higher than those 
over CBR = 1% subgrade conditions. This observation is also consistent with the densities 
obtained for aggregate subgrade and capping layers. As shown in the figure, RAP subbase 
sections exhibited relative compaction within the range of 92% to 96%. In contrast, Type G 
dolomite exhibited the highest relative compaction at 90% for Section FP-XI. 
4.5.3 Development of Compaction Growth Curve and Its Implications 
Figure 4.10 shows the step-by-step procedure for development of a compaction growth curve for 
Type G virgin aggregates. Figure 4.10 (a) shows the laboratory compaction characteristics of the 
capping aggregate, as discussed in the preceding chapter. Figure 4.10 (b) shows the box plot for 
wet densities recorded for the Type G and Type E capping layers. The solid black line in the 
same graph denotes the laboratory maximum wet density for dolomite; the dotted black line 
identifies the laboratory maximum wet density for RAP aggregates. Although Type G capping 
layers had higher nuclear gauge densities, the overall relative compaction was not satisfactory. 
Accordingly, a compaction growth curve was developed on top of dolomite subbase in Section 
FP-I. The optimum number of passes to reach the maximum density was used as a reference for 
compaction of granular subbase layers in other flexible pavement sections.  
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 As shown by the growth curve, the highest achievable in-place density was recorded at 
18 roller passes and found to be 20.5 kN/m3, resulting in approximately 92% relative 
compaction. Throughout the compaction process on subbase layer, 18 vibratory roller passes 
were used. Nonetheless, the resulting densities of dolomite subbase layers were significantly 
lower than the laboratory maximum density.  
 As with the other layers, RAP exhibited lower densities in comparison with the virgin 
aggregates. However, Type G dolomite subbase layers achieved higher densities compared with 
those recorded for capping layers with similar materials. In contrast, RAP subbase sections did 
not show any improvement in terms of achieved density. This finding indicates that in situ 
densities of RAP were insensitive to the increase in compactive effort and that, somehow, RAP 
was absorbing the compaction energy exerted by the higher number of vibratory roller passes. 
4.6 In Place Modulus Values of Constructed Layers 
In-place surface moduli were measured using two different devices, lightweight deflectometer 
(LWD) and GeoGauge. For the LWD deflection based method, an initial seating load was 
applied followed by nine drops of dynamic loads on the finished surface of the working 
platforms. The sequential loading scheme involved three drops for each of three different drop-
heights. Drop heights and plate radii were selected such that the resulting stress level was within 
the expected range of unbound layer stress state in an actual pavement. For a simple 
interpretation, Boussinesq’s half-space equation was used to calculate the composite surface 








    
   
where: 
 E = composite surface modulus; 
 f = factor for stress distribution; 
 ν = Poisson’s ratio; 
 0 = stress under the plate; 
 a = radius of plate; and 
 d0 = center deflection. 
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 The stress-distribution factor is assumed to be  / 2 for an inverse parabolic plate–ground 
contact stress distribution (and rigid load plate). Such stress distribution is generally applicable to 
cohesive soils. On the other hand, a factor of 2 is applicable to uniform plate-ground contact 
stress distribution (and flexible plate). Poisson’s ratios for constructed pavement layers were 
assigned according to the values recommended by AASHTO 2002 mechanistic-empirical 
pavement design guide (ARA Inc. 2002). 
 Table 4.2 shows the recommended stress levels for LWD tests (Dynatest 2006). Note that 
these stress level reflect the anticipated stress states in the respective pavement layers during 
construction or over the service life. The LWD device used in this study could accommodate 
three different drop weights. The stainless steel load plates provided by the manufacturer could 
be assembled in 10 kg (22 lbs), 15 kg (33 lbs) and 20 kg (44 lbs) of drop-weights. Furthermore, 
drop heights could also be maneuvered such that the resulting stress fell within the recommended 
stress levels for corresponding layers. 
  Center deflections were closely monitored throughout all of the LWD test drops. 
Notably, the manufacturer recommended center deflections were expected to be in the range 
from 300 to 2200 microns (11.8 to 86.6 mils), preferably in the range from 500 to 1500 microns 
(19.7 to 59.1 mils).  Pulse duration time was also closely examined for the respective buffer 
configuration during the in situ tests. Normal pulse times were maintained in the range from 15 
to 25 ms. Note that pulse time can be influenced by the type of buffer configuration being used. 
 In case of the steady-state vibratory method, the GeoGauge measures the impedance at 
the surface of the soil or unbound layer imposing small displacements and stresses through the 
use of 25 steady-state frequencies between 100 to 196 Hz (Humboldt 2008). In other words, this 
device measures the force imparted to the soil and the resulting surface deflection as a function 
of frequency. Stiffness, force over deflection, follows directly from the impedance. At low 
frequencies, the impedance measured at the soil surface is stiffness controlled and is proportional 
to the soil shear modulus. 
 Unlike LWD, the GeoGauge do not measure the deflection associated with the device; 
rather the device vibrates inducing small changes in force (P) leading to a small magnitude of 
deflection. The magnitude of deflection (δ) is proportional to the outside radius of ring-foot (R), 
Young’s modulus (E), the shear modulus (G) and Poisson’s ratio of the soil. The resulting 
stiffness is defined as the ratio of force to displacement, K = P / δ. Note that the GeoGauge 
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produces soil stress and strain levels typical of pavement subgrade and foundation applications 
(27.6 kPa [4 psi]). With the assumption of a fixed Poisson’s ratio for corresponding pavement 
layer, the Young’s and shear moduli can be determined from the following formula (Abu-
Farsakh et al. 2004; Mohammad et al. 2008): 
 


















 100% contact between the ring-foot and ground is required for the correct measurement 
of stiffness and for this the manufacturer recommended a slight rotation of the GeoGauge over 
compacted subgrade. However, such contact may not be feasible with an unbound granular layer 
with hard or rough surface. To this end, the recommended practice is to use a thin layer (less than 
10 mm (0.4 in.) of moist sand. In this study, at least four sets of measurements were taken in 
each full-scale test section by placing the Geogauge device over a thin sand bed and rotating it 
90° from its previous position. 
4.6.1 Inherent Variability and Data Reduction 
Figure 4.11 shows the box plot for Geogauge recorded surface moduli of capping layer in 
construction platform sections. Significant variation in measured values was observed in the box 
plot, which might be attributed to improper seating on granular materials (GeoGauge 2002). 
Large rocks with significant voids were placed as aggregate subgrade layers over a very weak 
subgrade. As a result, the compacted aggregate subgrade surface was generally rough. To 
overcome this situation, a thin lift of capping layer was provided. However, large voids in the 
granulate matrix still allowed those large rocks to reorient whenever subjected to compaction or 
loading. This continuous reorientation led to lower relative compaction in capping and subbase 
layers as described in the nuclear gauge density results. Improper compaction such as this also 
results in an extremely rougher aggregate layer surface, which might not remediable with a sand 
bed for conducting GeoGauge stiffness tests or lightweight deflectometer tests. Therefore, these 
aggregate layers have varying modulus values, as shown in Figure 4.11. The Dynatest 
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lightweight deflectometer might be even more susceptible to this kind of surface roughness 
because that device relies only on a geophone sensor for estimation of surface deflection. 
 Accordingly, a specific data reduction approach was adopted to deal with data provided 
by these two in-place stiffness/ modulus tests. In this study, GeoGauge modulus values within 
the 25th and 75th percentile ranges were averaged and used for comparison of aggregate 
subgrade performance. On a similar note, the average of the final drops from all the load 
sequences was used in the calculation of the LWD modulus. 
4.6.2 LWD and GeoGauge Test Results 
Figure 4.12 shows that Section CP-IX exhibited the lowest surface moduli over the subgrade 
layer for both LWD and GeoGauge measurements, which might be an indication of poor 
compaction in the corner layers.  
 Seyman (2003) investigated in-place moduli values for clayey silt soil at three moisture 
contents: dry, optimum, and wet of optimum. According to that study, the wet of optimum 
specimen exhibited the lowest modulus response. Surface modulus values for GeoGauge and 
LWD were reported to be 16.3 and 28.5 MPa, respectively, with a corresponding CBR value of 
1.9. As shown in Figure 4.12, Cell 3 subgrade also exhibited very similar modulus response for 
identical soil types. In addition, the GeoGauge consistently exhibited higher moduli values 
compared with the LWD test results. 
 Figure 4.13 shows that the aggregate subgrade exhibited much higher moduli compared 
with those of the subgrade. The highest modulus was recorded for Section CP-II. In contrast, the 
immediately adjacent section, CP-III, exhibited the lowest modulus among all the sections. 
 The effect of voids in large aggregates was evident from the modulus values obtained for 
the different aggregate subgrade types. Unlike the Type A, B, and D aggregate subgrade 
sections, the Type E and F sections exhibited higher layer modulus. In addition, riprap–size Type 
A aggregates exhibited higher moduli than the Type B rubblized concrete and Type D blended 
recycled aggregates. Recycled asphalt pavement (RAP) aggregates showed slightly higher 
moduli compared with the large top size (62.5 mm [21/2 in.]) Type F virgin aggregates on the 
CBR 3% subgrade. The lower moduli values at Section CP-XII and Section FP-IX might have 
resulted from poor compaction in the corner sections. 
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 Two completely opposing factors may have contributed to the high modulus values of 
Section CP-II: (1) segregation associated with the material composition, and (2) excessive pore 
water pressure. Type B aggregate subgrade materials originated from lightweight concrete 
demolition waste with a small amount of filler materials; the same observation was true for the 
Type D recycled blend. Both of the recycled materials showed signs of segregation during 
compaction. Hence, Type A virgin aggregates might have presented better resistance to 
deformation against LWD impulse loads compared with Type B and D materials.  
 In a recent study, Apeagyei and Hossain (2010) investigated the suitability of three 
portable devices for assessment of subgrade and base course stiffnesses. They concluded that 
very high LWD moduli could result from pore water pressure buildup during transient LWD 
loading (on the wet side of optimum) or from the presence of high soil suction (on the dry side of 
optimum). In that study, up to a fivefold increase in LWD moduli was seen with the soils tested 
in the laboratory at various levels of saturation. Alike in Apeagyei and Hossain’s study, very 
high modulus value in Section CP-II might have been contributed by the shallow water table. 
 Surface moduli of capping and subbase layers are presented in Figure 4.14. In that figure, 
four surface modulus values are exhibited in a box-like arrangement for each aggregate subgrade 
material. The left two values (odd-numbered sections) represent the LWD and GeoGauge surface 
moduli of Type G dolomite capping layer placed on top of the respective aggregate subgrade. 
The even-numbered sections represent the surface moduli values of Type E RAP capping in the 
last two columns. On the top graph, capping layer moduli in construction platforms are 
summarized; whereas, subbase layer moduli in flexible pavement sections are presented in the 
bottom graph.  
 Surface moduli of capping and subbase layers were either similar or higher than those of 
aggregate subgrade materials. This indicates that the addition of capping or subbase layer added 
significant stability to the large aggregate subgrade materials having large voids, thereby 
resulting in higher modulus values. The only exception was the working platform section CP-II 
which exhibited a 7.2% drop in composite LWD modulus values upon the addition of capping 
layer. This might be indicative of certain compaction problem or water pocket as discussed in the 
previous paragraphs. 
 Figure 4.14 also shows that Type G dolomite capping consistently showed lower surface 
moduli values than RAP capping, except for a few anomalies. Existing anomalies might have 
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been caused by the material effect from the bottom layer (aggregate subgrade). Nazzal (2007) 
studied the depth of influence for LWD and GeoGauge. The influence zone for the GeoGauge 
was reported to be 19 to 20 cm. Furthermore, the average influence zone for LWD was 8 to 9 cm 
deeper than that of GeoGauge. Chang et al. (2011) corroborated similar findings as discussed 
previously. Since the thickness of the capping layer used in this study was only 7.6 cm, the 
material effect from the underlying aggregate subgrade layer is likely to supersede the overall 
trend of moduli values in some cases. Construction variability and having multiple test operators 
could have also contributed to the differences in test results. 
 Similar to the literature presented in Chapter 2, the inclusion of RAP led to higher in situ 
modulus values in compacted aggregate layers. In a recent study, Guthrie et al. (2007) also 
concluded that RAP material could be temperature sensitive and stiffness might decrease with 
the increase in temperature. In contrast, Garg and Thompson (1996) found that RAP did not 
behave as a bound material and was not temperature sensitive. Despite the contradictory 
statements, both studies consistently reported higher moduli values for RAP when compared to 
virgin aggregates. In the current study, all of the in-place stiffness tests were carried out between 
August 21, 2013, and September 5, 2013. Within that time span, the daily maximum air 
temperature was in the range of 30°C to 36°C (86°F to 97°F). Even at such hot temperatures, 
RAP consistently showed higher moduli values, which confirms the findings of Garg and 
Thompson (1996). On a similar note, Bennert et al. (2000) found that 100% RAP materials 
exhibited higher moduli when compared to dense-graded aggregates. The reason for such high 
moduli may be attributed to the ductile nature of mastic attached to the RAP conglomerates. 
Given the small amount of strain followed by a rest period in the conventional AASHTO T307 
resilient modulus test, this binder/mastic helps the aggregate specimen bounce back quickly 
leading to a smaller resilient strain and thus results in higher moduli values.  
 Like the aggregate subgrade sections, Type F capping and subbase layers exhibited lower 
modulus values. Nuclear gauge densities indicated that Type F capping and subbase layers 
achieved similar compaction densities compared with the other aggregate types. Therefore, 
improper compaction might not have been an issue in those sections. Because the Type F 
sections were the last to be constructed, they might have had thinner aggregate covers—leading 
to less earthwork by the contractors. Accordingly, the lower aggregate layer thicknesses might be 
the most feasible explanation for the comparatively low modulus values. 
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 To address the effect of curing on material stiffness, three trials of LWD testing were 
carried out on the construction platform sections. The first trial was conducted in the morning 
during construction, followed by a second trial in the evening. The third LWD trial was carried 
out 7 days after the construction took place. Modulus results obtained from these three 
measurements are summarized in Figure 4.15. 
 The first two trials exhibited similar modulus values, except for one or two anomalies. 
The modulus results from the third measurement indicated a significant increase in stiffness on 
the capping layer. Considering the depth of influence during LWD testing, aggregate subgrade 
materials were also likely to gain significant stability. In part, stress relaxation after completion 
of construction might have contributed to the stiffening of the recycled asphalt materials.
 Stiffness gain in the dolomite capping layers can be attributed to the effect of carbonate 
cementation through dissolution-precipitation of fines fraction (Graves et al. 1988). Mishra and 
Tutumluer (2013) reported a 225% increase in dolomite modulus values as a result of carbonate 
cementation. In this type of reaction, a trace amount of water can act as a cementing agent for the 
dolomite aggregates. In the current study, matric suction from the water table or light rain might 
have acted as the cementing agent for stiffness gain. 
4.7 Summary 
This chapter summarizes the construction sequences, respective compaction quality control, and 
in-place material characterization effort. Initially, pre-existing subgrade of the 105 m (345 ft) 
long test road was engineered to replicate weak subgrade condition through moisture addition on 
trial and error basis. Two-third lengths of the test road subgrade were engineered to a controlled 
strength of CBR = 1%; whereas, the remainder was modified to achieve a target strength of CBR 
= 3%. Using seven different aggregate types, 12 full-scale working platform and 12 flexible 
pavement test sections were constructed. Achieved compaction level was monitored with nuclear 
density gauge; whereas, in place modulus values were assessed using lightweight deflectometer 
and soil stiffness gauge (GeoGauge). Overall, the degree of compaction in the compacted 
unbound granular layers was relatively low. On the other hand, the 100% reclaimed asphalt 
pavement capped (/subbase) sections consistently exhibited higher composite modulus values 
compared to crushed dolomite capped test sections. 
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4.8 Tables and Figures 
Table 4.1: Target Design Thicknesses of Pavement Layers 








Cap2 AS3 HMA Subbase AS3 
CP5-I 7.6 53.3 FP6-I 10.2 15.2 53.3 
A 
1 
CP-II 7.6 53.3 FP-II 10.2 15.2 53.3 
CP-III 7.6 53.3 FP-III 10.2 15.2 53.3 
B 
CP-IV 7.6 53.3 FP-IV 10.2 15.2 53.3 
CP-V 7.6 53.3 FP-V 10.2 15.2 53.3 
C 
CP-VI 7.6 53.3 FP-VI 10.2 15.2 53.3 
CP-VII 7.6 53.3 FP-VII 10.2 15.2 53.3 
D 
CP-VIII 7.6 53.3 FP-VIII 10.2 15.2 53.3 
CP-IX 7.6 22.9 FP-IX 10.2 15.2 22.9 
E 
3 
CP-X 7.6 22.9 FP-X 10.2 15.2 22.9 
CP-XI 7.6 22.9 FP-XI 10.2 15.2 22.9 
F 
CP-XII 7.6 22.9 FP-XII 10.2 15.2 22.9 
1Odd numbered section: Type G (Dolomite) capping/ subbase; 
  Even numbered section: Type E (RAP) capping/ subbase; 
2Cap = Capping aggregates; 3AS = Aggregate subgrade; 
4Aggregate subgrade material type; 5CP = Construction platform; 6FP = Flexible pavement. 
Table 4.2: Recommended Stress Levels for Lightweight Deflectometer Testing 
Pavement Layer Stress Levels 
Granular Base 200 – 300 kPa (29.0 – 43.5 psi) 
Granular Subbase 100 – 200 kPa (14.5 – 29.0 psi) 
Solid Subgrade 50 – 100 kPa (7.3 – 14.5 psi) 








































































































































Figure 4.15: Effect of dry curing on modulus gain in capping layer of construction platform section
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CHAPTER 5: ACCELERATED PAVEMENT TESTING AND PERFORMANCE 
MONITORING 
5.1 Introduction 
This chapter summarizes findings from the accelerated pavement testing (APT) and performance 
evaluations of full-scale construction platforms and flexible pavement test sections. At the 
University of Illinois ATREL facility in Rantoul, three full-scale construction platform cells 
were constructed on the north side of the test strip with six types of non-conventional aggregate 
subgrade materials and two types of aggregate capping materials. Each of those test cells 
consisted of four different test sections. A 10.2-cm (4-in.) thick HMA layer was placed, with an 
additional 7.6 cm (3 in.) of capping underneath, on the south side of the test strip to simulate low 
volume roads. Of the six cells, four were constructed on the engineered CBR=1% subgrade and 
two were constructed over an engineered subgrade with a strength index of CBR = 3%.  
 The test sections were subsequently loaded with the Accelerated Transportation Loading 
Assembly (ATLAS) to simulate uni-directional traffic during working platform construction and 
service life evaluations. Accumulation of permanent deformation in the test sections was 
recorded through periodic surface rut measurements; in addition, subsurface rutting in the 
underlying layers was assessed using transverse scanning with ground-penetrating radar (GPR).  
 Because rutting performance of unbound aggregate layers is closely linked to material 
strength, both variable-energy and dynamic cone penetration testing were conducted during APT 
over construction platforms, followed by geo-endoscopic imaging with depth profile. After 
completion of APT (either to failure or to a designated number of traffic passes), a 1.5 m (5 ft) 
wide trench section was excavated across the longitudinal wheel path to allow visual 
examination of the rutting pattern in the construction platform and flexible pavement test section 
layers. The adequacy of typical Illinois aggregate subgrade materials was thus evaluated through 
field observations and analyses of different mechanisms contributing to rutting failure. Note that 
rutting modes of unbound granular layer discussed in Chapter 2 (Subsection 2.5.4) are frequently 
referred to validate the observed rutting mechanisms of full-scale working platform sections in 
this chapter. 
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5.2 Test Section Loading and Performance Monitoring 
Design and construction details of the full-scale test sections with representative compositions of 
Illinois aggregate subgrade materials were discussed in Chapter 4. Each test cell consisted of 
four test sections, numbered from west to east in increasing order. The first two test sections 
were constructed with one aggregate subgrade material; the remaining two were built with 
another type. Alternative capping layers of dolomite and reclaimed asphalt pavement (RAP) 
materials were placed over two consecutive sections with similar aggregate subgrade such that 
performance of respective capping materials could also be objectively evaluated.  
 Test sections in the construction platform or unsurfaced pavement side were designated 
as CP (construction platform)-I through CP-XII; test sections with bound asphalt concrete 
surfacing were identified as FP (flexible pavement)-I through FP-XII. Each test cell had one 
virgin and one recycled aggregate subgrade material. Aggregate layer thicknesses were selected 
in accordance with the IDOT Subgrade Stability Manual for weak subgrade conditions. 
 After construction, the test sections were subjected to accelerated pavement testing by 
applying a moving wheel load of 44.5 kN (10 kip) at a constant speed of 8 km/h (5 mph) through 
a super-single tire (455/55R22.5) at a tire pressure of 758 kPa (110 psi). The tire nomenclature 
stands for its dimensions and type in the form of AAA/BBXCC.C, where the first number (455) 
refers to the tire width from wall to wall in mm; the second number (55) corresponds to the side 
wall or section height expressed in terms of percentage of tire width (250 mm for the tire in 
consideration); the letter R denotes a radial tire; and the third number (22.5) is the rim diameter 
in inches. 
 Figure 5.1(a) shows rutting in working platforms under the moving wheel load. 
Meanwhile, Figure 5.1(b) shows the custom-made dipstick type device used in this study to 
monitor surface rut in the working platform sections. The customized device consisted of a 
hollow perforated channel with holes at an interval of 5.1 cm (2 in.) and slide calipers sensitive 
to a dimension of 0.1 mm (3.9 mils). Measurements were taken periodically with the progression 
of rutting up to a distance of 1.2 m (4 ft) on each side of wheel path centerline. Because the 
surface profile of a construction platform is irregular, at least two sets of rut measurements were 
taken 1.5 m (5 ft) from the east and west sides of the section boundary. Average of these two 
measurement sets were used for comparison of overall rutting performances.  
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 Rut depths were calculated by subtracting the depths measured over the as-constructed 
construction platforms (referring to zero load application). At any given number of passes, rut 
depth in this study was defined as the deformation at the measurement points on the working 
platform surface from the original profile. Points near the wheel path edges undergoing upward 
heaving were represented by negative rut depths. Trafficking of the test sections was continued 
until either the rut depth reached the stroke limit of ATLAS or the total number of wheel passes 
reached 4000. 
 For HMA pavements, an automated laser profiler was employed to determine the 
magnitude of rutting as shown in Figure 5.1(c). Measurements were taken every 2 mm (78.7 
mils) up to a distance of 405 mm (15.94 in.) on both sides of the wheel path centerline. Similar to 
the construction platforms, rut depths were measured 1.5 m (5 ft) from east and west sides of 
section boundary. Each of the measurement sets consisted of six measurement lines taken at an 
interval of 5 mm (0.2 in.) over a width of 25 mm (1 in.).  
 Irregularities and micro-cracks in the binder–aggregate matrices on HMA surface could 
lead to unrealistic rut depths for a certain number of passes. As a result, the minimum magnitude 
among the six measurements at any point was reported as the rut depth over HMA surface. As 
recommended by the Mechanistic-Empirical Pavement Design (MEPDG) guidelines, rutting 
failure for the flexible pavement sections was selected to be 12.5 mm (1/2 in.). Contrary to the 
working platforms, rutting performance was monitored up to 40,000 passes on HMA surface 
pavements. 
5.3 Variable Energy PANDA Penetration Devices for Performance Monitoring 
In-place strength assessment is often critical to the understanding of permanent deformation 
behavior in unbound granular layers. Over the last few decades, dynamic cone penetrometer 
(DCP) has been widely used to determine the in situ strength of subgrade, aggregate base and 
subbase layers due to its simplicity in use and the depth of penetration advantage compared to 
other portable devices like light weight deflectometer (LWD) and soil stiffness gage. However, 
the operation of the DCP device is physically strenuous and irregular hammer drops can be a 
potential source of error. 
 Buncher and Christiansen (1992) reported that DCP is prone to skin friction in cohesive 
soils. On a similar note, Webster et al. (1992) recommended limiting the depth of penetration to 
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30.5 cm (12 in.) in highly plastic soils. On the other hand, Livneh et al. (1995) documented that 
angled penetration over a significant depth led to misleadingly higher CBR values. Moreover, 
the penetration indices recorded during the DCP test are dynamic in nature; yet the existing 
empirical relationships correlate the penetration indices to static CBR values. To this end, a state 
of the art variable energy PANDA penetration device from international practice was introduced 
in this study to measure the relative strength of the constructed aggregate layers in working 
platforms. 
 The SolSolution PANDATM device was originally developed at the Blaise Pascal 
University of Clermont-Ferrand in France based on the principles of an instrumented dynamic 
cone penetrometer (Gourvès and Barjot 1995). The penetration test was carried out with the 
impact of a calibrated ‘dead blow hammer’ on an instrumented anvil integrated to an assembly of 
rods and standardized penetration tip. Figure 5.2 (a) shows the different components of the 
portable device. Alongside the component designation, parameters critical to the calculation of 
target strength index is mentioned in parentheses with bold fonts. The calibrated hammer 
weighed approximately 2 kg (4.4 lbs) and each of the metal rods was 50 cm (20 in.) in length. 
The stainless steel cone tips were commercially available in two different sizes (2 or 4 cm2). 
Since the larger cone tip (4 cm2) was used to conduct the penetration tests, lateral friction on the 
rod assembly was assumed to be negligible. As the dead blow hammer tended to minimize the 
rebound impact, the entire amount of applied energy was presumed to reach the cone-tip. Since 
the primary objective of using this device was to present a comparative assessment of selected 
material strength, this assumption was deemed valid. In accordance with the French standard XP 
P 94-105, strength indices in the form of cone resistance were calculated using the Dutch 
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 qd =  Cone resistance; 
 A = Cross-sectional area of cone-tip; 
 M = Mass of the hammer; 
 V = Impact velocity; 
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 e = Incremental penetration; 
 P = Mass of penetrometer assembly (Anvil, rod and cone-tip).  
  
 Figure 5.2 (b) shows the geo-endoscopic imaging setup that was used for identification of 
layer interfaces and depth of water table. After finishing the penetration test, a perforated guiding 
rod was shoved into the ground through that same borehole. An endoscopic camera having 6 mm 
diameter was lowered into the cavity of that guiding rod. The endoscope continuously recorded 
the surrounding images of borehole wall in 640 X 480 pixels at 10 X magnification. The length 
of electronic guiding cable attached to the endoscope acted as a reference to the depth of the 
borehole. This imaging technique had already been successfully implemented in railway 
geotechnics as well as in substructure integrity assessment (Llanca et al. 2013; Mishra et al. 
2015). Apart from identification of layer interfaces, the geo-endoscopy was also utilized in the 
past for establishing particle size distribution of a sandy gravel (Breul and Gourves 2006). 
5.4 Performances of Construction Platform Test Sections 
Because rutting is the primary mode of failure in pavement foundation layers, the performance of 
aggregate subgrade materials was assessed through the accumulation of permanent deformation 
in working platforms. This section presents analyses of probable mechanisms contributing to the 
rutting accumulation in the construction platform sections. Moreover, rutting magnitude and 
deformation pattern were examined in light of post-APT strength indices from the dynamic cone 
and variable-energy PANDA penetration testing. Images from geo-endoscopy and excavated 
trenches are also presented and discussed along with rutting performance.  
 Majority of the penetration tests and all the geo-endoscopic imaging were carried out in 
June 2014. Hence, the depth of water level was expected to represent moisture conditions 
experienced under trafficking in dry conditions. Eventually, adequacy of these in situ tests on 
construction platforms will be validated through linkage to rutting performance. 
5.4.1 Performances of Type A Aggregate Subgrade Materials 
Figure 5.3 exhibits the surface rut measurements taken from the two test sections, CP-I and CP-
II, constructed with Type A aggregate subgrade materials. Section CP-II survived only 100 
wheel passes before reaching rutting failure at 7.6 cm (3 in.). Both sections showed significant 
accumulation of rutting between 10 and 100 passes. However, the rate of rutting between 10 and 
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100 passes was much higher in Section CP-II, leading to early shear failure. In contrast, the 
magnitude of rutting became stabilized and gradually increased with a higher number of passes 
in Section CP-I. Neither of the sections exhibited significant heaving on the sides of the wheel 
path, which indicates that both of the capping materials performed satisfactorily. 
 To identify the probable cause of early failure in Section CP-I, variable-energy PANDA 
penetration and DCP testing were conducted at the center of the test sections along with geo-
endoscopic imaging. The results of geo-endoscopic imaging showed that the water table was at a 
shallower depth in Section CP-II. Associated images and penetration based strength indices 
(California bearing ratio [CBR] and cone resistance, [qd]) are presented in Figure 5.4. Note that 
CBR-DCP penetration index correlation developed by Kleyn et al. (1982) was also used to 
determine the in-place CBR values of unbound granular layers. To avoid cluttering the graphs, 
depths of CP-I and CP-II sections are presented in the graphs for cone resistance and California 
bearing ratios (CBR), respectively. 
 Both PANDA and DCP test results revealed that Section CP-II exhibited lower resistance 
to penetration, owing to the presence of shallow water level in respective construction platform. 
In addition, geo-endoscopic images showed a deeper penetration of riprap–size large rocks into 
Section CP-I subgrade compared to that in Section CP-II subgrade. Relatively low strength in the 
engineered subgrade zone (see lower cone resistance (qd) values in Figure 5.4), coupled with the 
shallower water table, contributed to the excessive accumulation of permanent deformation in 
the CP-II aggregate subgrade and subgrade, resulting in shear failure. 
 Figure 5.5(a) through Figure 5.5(d) substantiate the above observations regarding the 
premature failure of Section CP-II. The solid black, dashed black, and white lines designate the 
surface, aggregate subgrade, and subgrade interfaces, respectively in Figure 5.5(a) and Figure 
5.5(c). In the same figures, the red tape attached to the silver scale denotes the target aggregate 
cover of 610 mm (24 in.).  
 GPR scans, as shown in Figure 5.5(b) and Figure 5.5(d), revealed a well-defined failure 
pattern in the corresponding test sections. A clear interface between the aggregate subgrade and 
subgrade could not be precisely identified because moisture was present in the aggregate 
subgrade. Images from the trenched sections (Figure 5.5a and Figure 5.5c) validate the 
observations from GPR scans.  
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 Even though cone resistance data obtained in the Type E RAP capping were slightly 
lower than those of Type G capping, higher capping thickness led to insignificant heaving on the 
sides of wheel path. Moreover, even with the added thickness, failure in the RAP capping was 
more apparent when compared with the dolomite capping.  
 As observed from endoscopic imaging, aggregate subgrade thickness was considerably 
higher in Section CP-I. As a result, the magnitude of moving wheel load transferred to the 
subgrade is anticipated to be lower than that in Section CP-II. As a result of better load 
distribution, surface rutting resulted in densification of aggregate subgrade materials. In contrast, 
failure in aggregate subgrade and subgrade was more concentrated near the wheel path in Section 
CP-II, which exhibited a bearing capacity–type failure plane. Both of the sections exhibited a 
composite mode of rutting in which both unbound aggregate layers and subgrade accumulated 
permanent deformation. Even though the riprap-size particles exhibited significant aggregate 
interlock through high cone resistance, these particles had large voids in the aggregate matrix as 
well. Upon repeated wheel loading, these large-size aggregates had to arrange into a denser state 
leading to Mode 2 rutting failure in both the sections (Dawson and Kolisoja 2006). 
5.4.2 Performances of Type B Aggregate Subgrade Materials 
Surface rut profiles of Section CP-III and Section CP-IV are presented in Figure 5.6. Both 
sections exhibited similar rutting performance trends.  
 Unlike Type A, Type B aggregate subgrade exhibited two significant rut accumulation 
phases, which were observed between 10 to 100 passes and 100 to 500 passes. Unlike Section 
CP-I, sections constructed with Type B recycled concrete materials exhibited relatively higher 
accumulation of permanent deformation. Measurements taken on the west side of Section CP-IV 
showed failure at 2500 passes despite a gradual increase in permanent deformation up to 4000 
passes. No significant heaving was observed in either of those sections, similar to the trends in 
Type A virgin riprap sections. 
 Variations in cone resistance and CBR profile over the depth of working platforms in 
Sections CP-III and CP-IV are presented in Figure 5.7 alongside the observed water levels from 
geo-endoscopic imaging. In addition, Figure 5.7 also shows several of the geo-endoscopic 
images taken at different depths. Similar to previous observations, Type E RAP capping showed 
slightly lower cone resistance values than Type G dolomite. Although the water level in Section 
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CP-III was at a shallower depth, the corresponding section performed somewhat better than 
Section CP-IV, with lower rut accumulation. 
 In the engineered subgrade zone, CBR values were considerably higher than the targeted 
strength, owing to the intermixing of large crushed concrete in the wet and weak subgrade. The 
zone encompassing the water table and proposed subgrade interface in Section CP-III exhibited 
lower strength in comparison to the other section. This trend was similar to that of Type A 
aggregate subgrade sections. However, this did not reflect on the rutting performance. This 
observation indicates that RAP, when used as a capping material, can be susceptible to rutting. 
 Figure 5.8 shows the corresponding trenched sections along with transverse GPR scans. 
As discussed in the preceding section, the solid black, dashed black, and white lines identify 
surface, aggregate subgrade, and subgrade interfaces, respectively. The curved dotted line across 
the aggregate subgrade layer, shown in Figure 5.8(c) outlines the probable failure plane.  
 Both GPR scans and trenching images confirm that thickness of Type E RAP capping 
was significantly higher than that of Type G crushed dolomite capping. Thicknesses measured at 
the center of the trenched sections indicate that the aggregate subgrade in Section CP-III was 
approximately 23 mm (1 in.) thicker than that of Section CP-IV. As was found with the Type A 
aggregate subgrade sections, rutting mobilization from aggregate subgrade to subgrade was more 
dominant in the RAP-capped section. This observation, along with the fact that Type E capping 
was thicker, conforms to the previous observation from penetration based strength tests.  
 The offset of shear-induced movement in the subgrade tended to spread away from the 
wheel path in the dolomite-capped sections. In contrast, the lateral offset of subgrade depression 
was in the vicinity of the wheel path centerline for the Type E RAP-capped section. Despite the 
apparent difference in rut mobilization behavior, the recycled concrete aggregate subgrade 
sections constructed over weak subgrade survived a significant number of passes. Alike Type A 
aggregate subgrade sections, Sections CP-III and CP-IV exhibited Mode 2 rutting failure as 
indicated by the apparent depressions in both unbound aggregate and subgrade layers. 
5.4.3 Performances of Type C Aggregate Subgrade Materials 
Figure 5.9 presents measured surface rutting in the sections constructed with Type C primary 
crusher run aggregates. Similar to the trends of Type A and Type B sections, the RAP-capped 
Section CP-VI accumulated higher permanent deformation. Primary crusher run aggregates tend 
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to have large voids in the granulate matrix leading to problematic compaction of capping 
materials placed over these large rocks—which is why the rut measurements on top of the loose 
capping surface resulted in a minimal amount of heave on the east side of Section CP-V. 
Although measurements taken on the east side of Section CP-VI indicated rutting failure at 3000 
passes, a gradual rutting increment was noticed in respective test section up to 4000 passes. 
 Geo-endoscopic images and the penetration based strength indices are presented in 
Figure 5.10. The same figure also shows the depths of water level in the respective working 
platform sections. As illustrated by the geo-endoscopic imaging, the water level for both sections 
was at the same depth. However, the left side of Figure 5.10 shows that cone resistance was 
consistently higher in the dolomite-capped section.  The viscoelastic nature of mastic around 
RAP particles might have contributed to partial absorption of vibratory compaction energy; 
therefore, compaction over RAP capping could have failed to mobilize these large rocks into a 
denser packing as well as into the subgrade.  
 The above observation was also evident from the compaction growth curve presented in 
Chapter 3. Density increased in the dolomite capping when the number of roller passes was 
increased from 12 to 18. However, the RAP-capped sections did not exhibit any increase in 
density from the change in number of roller passes. Because RAP was ineffective in mobilizing 
these larger rocks, cone resistance in the engineered subgrade zone of Section CP-V was 
significantly higher than that of Section CP-VI. Based on the strength indices recorded in Type A 
and B aggregate subgrade layers, such trend became more prevalent when the particle size 
distribution of unconventional aggregates shifted from uniformly graded to dense graded. 
Despite its overall lower strength, Section CP-VI survived a high number of passes possibly due 
to adequate of the aggregate interlock of large particles. 
 Figure 5.11(a) and Figure 5.11(c) present images of transverse trenches for Sections CP-
V and CP-VI along with corresponding layer thicknesses. Conforming to the lower accumulation 
of surface rut in dolomite capped sections, Section CP-V did not exhibit any rutting in the 
subgrade. Conversely, shear failure in the aggregate layer pushed the weak subgrade to the sides 
of the wheel path in Section CP-VI.  
 Unlike Types A and B, the lateral offset of subgrade depression was away from the 
longitudinal wheel path. This can be attributed to the large particle sizes that induced significant 
interlock, thereby minimizing the damage in the subgrade. Both Figure 5.11(a) and Figure 
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5.11(b) clearly indicate that the depression along the longitudinal wheel path eventually led to 
the densification of primary crusher run (Type C) aggregates rather than creating a distinctive 
failure plane.  
 The poor performance of Type E capping material becomes more pronounced when the 
total aggregate cover thickness for the two sections is considered. Even with a thicker aggregate 
cover, Section CP-VI accumulated higher magnitude of rutting. Upon visual examination, the 
degree of intermixing between aggregate subgrade and subgrade seemed to be minimal in 
Section CP-VI, which substantiates the observation from variable energy penetration tests.  
 These findings show that the primary mode of rutting occurred in the aggregate layer, and 
the secondary mode of rutting was observed in the subgrade. Among the three layers, aggregate 
subgrade layer underwent the highest amount of depression during the accelerated pavement 
testing. Moreover, section CP-V primarily exhibited Mode 0 rutting with significant 
densification of Type C primary crusher run aggregates. Conversely, section CP-VI showed 
Mode 2 failure with depressions in both aggregate subgrade and subgrade layers. Figure 5.11(c) 
also shows the wedge-shaped failure reaching from aggregate subgrade to subgrade layer which 
further substantiates the RAP capped section’s susceptibility to rutting. 
5.4.4 Performances of Type D Aggregate Subgrade Materials 
As shown in Figure 5.12, both sections endured 4000 passes and accumulated less than 7.6 cm (3 
in.) of rutting. Similar to previous trends, the RAP-capped section exhibited a slightly higher 
magnitude of rutting compared with Section CP-VII, which was capped with dolomite. No 
heaving was observed beside the wheel path, which indicates that neither type of aggregate 
capping failed within its own structure and both were well supported by the underlying aggregate 
subgrade. Rutting increased gradually with an increasing number of passes, contrary to 
performances observed in other material types.  
 Sections constructed with blended recycled materials (Type D: 60% large size recycled 
concrete + 40% reclaimed asphalt pavement) outperformed the other three large aggregate types 
with regard to the progression and the magnitude of rutting after 4000 passes. Rutting 
performance of Type D aggregate subgrade can be further substantiated by the penetration based 
strength indices from PANDA and DCP tests, as shown in Figure 5.13.  
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 Even though the RAP-capped section had a shallower water level, that did not affect 
performance in relation to cone resistance. However, in the engineered subgrade zone, CBR 
values correlated from DCP indices were lower in Section CP-VIII than in Section CP-VII. This 
slight variation in subgrade strength might also have led to the slightly higher accumulation of 
permanent deformation. 
 As presented at the bottom left corner of Figure 5.13, large size rocks infiltrated through 
the engineered subgrade and, as a result, the subgrade CBR was significantly higher than the 
design CBR of 1%. Furthermore, Type D aggregate subgrade surpassed the remaining three 
aggregate types in terms of cone resistance. This observation corroborates the rutting trends 
observed during accelerated pavement testing. Such significant resistance to cone penetration 
and the resulting minimal accumulation of rutting can be attributed to two primary factors: (1) 
large particles in the aggregate matrix that induced an extremely strong aggregate interlock and 
(2) denser packing achieved through smaller particles filling the voids in the granulate structure. 
 The superior performances of Sections CP-VII and CP-VIII are further illustrated in 
Figure 5.14(a) through Figure 5.14(d). Both of the transverse scans with GPR showed visually 
negligible surface deformations. Similarly, rutting at the capping–aggregate subgrade interface 
was also insignificant for both of the sections. The offset of lateral depression at the aggregate 
subgrade and subgrade layer interface was far away from the wheel path. Images from the 
trenched sections, as shown in Figure 5.14(a) and Figure 5.14(c), further validate these 
observations. Since the unbound granular layers underwent a minimal amount of depression, 
both sections were assumed to exhibit Mode 0 rutting pattern.    
 Images of the trenched sections reveal that the aggregate subgrade thicknesses in Sections 
CP-VII and CP-VIII were significantly higher than that of the other sections constructed with 
Types A, B, and Type C aggregates. Significantly thicker aggregate cover, coupled with dense 
granular aggregate structure, must have also contributed to the superior performances of these 
two sections. For the same reasons, loads exerted by the APT device were adequately distributed 
over larger areas, resulting in visually non-existent subgrade depressions. 
5.4.5 Performances of Type E Aggregate Subgrade Materials 
Figure 5.15 shows the accumulation of rutting with an increasing number of passes for the Type 
E aggregate subgrade sections. Contrary to the performances observed in sections constructed 
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with large rocks (Material types A through D), Sections CP-IX and CP-X, built with Type E 
(100% RAP) aggregate subgrade, withstood a smaller number of passes. Both of those sections 
were constructed over an engineered subgrade CBR of 3%, and the total aggregate cover was 
approximately half the thickness of sections constructed over engineered modified subgrade with 
a controlled strength of CBR = 1%. Also, instead of large particles, these sections were 
constructed with regular base course–size aggregates. Significantly lower granular layer 
thicknesses and smaller particle sizes contributed to early failure trends of these sections.  
 No significant heaving was observed in Section CP-IX. However, Section CP-X, in 
which both capping and aggregate subgrade consisted of Type E 100% RAP, showed the highest 
amount of negative deflection or heave along the side of the longitudinal wheel path. This 
indicates that Type E RAP failed within its own structure, whereas Type G dolomite capping in 
Section CP-IX was conducive in distributing the wheel load effectively—thereby accumulating 
less permanent deformation and surviving an additional 800 passes before reaching failure.  
 Similar to the trends observed in other aggregate subgrade types, the RAP-capped section 
accumulated a higher magnitude of rutting than the dolomite-capped section. Unlike Section CP-
X, Section CP-IX accumulated the majority of the rutting between 250 and 1000 passes. 
 As shown in Figure 5.16, strength indices extracted from DCP and PANDA penetration 
testing validated the previously described rutting performances. Cone resistance recorded during 
variable-energy penetration testing indicated that both sections exhibited similar strength in the 
capping and aggregate subgrade layers. However, the natural subgrade in Section CP-IX was 
stronger than that in Section CP-X. In addition, CBR values from DCP testing were lower within 
the depth profile of engineered subgrade. Such variation in subgrade strength might have been 
responsible for the dissimilarity in rutting performances.   
 The results of geo-endoscopic imaging showed that subgrade interfaces for Section CP-
IX and Section CP-X were 34 cm and 38 cm, respectively. Interface identification in those two 
sections was somewhat misleading compared with the measurements taken in the trenched 
sections. Nonetheless, deviation from the target aggregate cover thickness was minimal with 
respect to the variation observed in sections constructed with large rocks. Because of the 
comparatively thicker aggregate cover in both sections, estimated CBR values over the depth of 
engineered subgrade were considerably higher than the target CBR of 3%. 
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 Figure 5.17(a) through Figure 5.17(d) present images and transverse GPR scans from 
trenched sections outlining the rutting patterns observed in Type E aggregate subgrade sections. 
Similar to the previous figures, the solid black, dashed black, and white lines designate surface, 
aggregate subgrade, and subgrade interfaces, respectively. The lateral offset of the subgrade 
depression indicates that both sections underwent subgrade rutting.  
 As indicated by the white arrows, the magnitude of rutting and side-heaving were more 
pronounced in aggregate layers than in the subgrade. Heaving beside the wheel path was 
considerably lower in the dolomite-capped section. Contrary to the observations from geo-
endoscopic imaging, the total aggregate cover was thicker in Section CP-IX. Consequently, it 
can be argued that this additional thickness resulted in better performance in Section CP-IX. 
Geo-endoscopic imaging was done in the middle of the test section. In contrast, the layer 
thicknesses shown in Figure 5.17 are the average measurements taken from the east and west 
ends of the trenched sections. Despite such anomaly, both sets of measurements indicate thicker 
unbound sections than the targeted ones.  
 Figure 5.17(b) shows the transverse GPR scan of Section CP-IX after 200 passes. The 
extent of rutting was visually negligible at that time. Surface rut measurements indicated similar 
trends. In contrast, Section CP-X, constructed with RAP only, exhibited a higher rutting amount 
and significant shearing within the aggregate matrix. Thus, the rutting susceptibility of RAP 
materials became evident with respect to permanent deformation accumulation in those two 
sections; this observation further corroborates the trends detected in other aggregate subgrade 
sections. Judging by the trends recorded in Figure 5.17, section CP-IX exhibited Mode 2 type 
failure, in which the overall pavement structure exhibited deformation. On the other hand, 
section CP-X showed dilative heave as well as subgrade depression; thereby resulting in a 
combination of Mode 1 and Mode 2 failure. 
5.4.6 Performances of Type F Aggregate Subgrade Materials 
Figure 5.18 details the rutting accumulation in Type F (virgin aggregates with larger top size) 
aggregate subgrade sections. Both sections performed the worst among all working platform 
sections, withstanding the lowest number of wheel passes compared with the other aggregate 
subgrade material types. Even though Section CP-XI exhibited heaving on the sides of wheel 
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path at failure, the magnitude was not as severe as that observed in Section CP-X. Rutting 
increased sharply between 10 to 100 passes.  
 As discussed in Chapter 4, the total aggregate cover over an engineered subgrade strength 
of CBR = 3% was selected to be only 305 mm (12 in.). Despite having particles as large as 63 
mm (21/2 in.), Type F aggregates are similar to typical Illinois base course aggregates, fitting the 
gradation band CA06. Accordingly, the probability of large particles penetrating into weak 
subgrade and strengthening it is minimal for this type of aggregate.  
 Also, procurement of this material was delayed significantly; therefore, laboratory 
compaction characteristics were not established prior to placement and compaction of this 
material. Lack of knowledge about moisture-density relationships might have inhibited proper 
compaction of the aggregate subgrade materials and led to its poor rutting performance. 
 Poor rutting performances were also reflected in the strength indices obtained from 
PANDA and DCP testing as shown in Figure 5.19. Over the entire depth of the construction 
platform, cone resistance values were lower in Section CP-XII capped with RAP. Furthermore, 
CBR values obtained from DCP tests indicated that the subgrade in Section CP-XI was stronger 
than that in Section CP-XII. Geo-endoscopic imaging revealed that a small water pocket might 
have existed in Section CP-XII, which could have resulted in a lower CBR strength in the 
subgrade.  
Subgrade interfaces identified from geo-endoscopic imaging also indicated that the total 
aggregate covers in both sections were thinner than the target design thickness for CBR = 3% 
subgrade. Overall, the dissimilarity in aggregate layer thickness was subsequently reflected in the 
rutting performance of Type F aggregate subgrade sections. 
 Figure 5.20(a) and Figure 5.20(c) show excavated trenches in the Type F aggregate 
subgrade sections along with aggregate layer thicknesses. Despite having thicker RAP capping, 
Section CP-XII exhibited lateral offset of depression at the capping-aggregate subgrade interface 
close to the wheel path. The black arrows indicate the reorientation of aggregate particles when 
the construction platform is being sheared with a moving wheel load. According to Figure 5.20, 
Section CP-XI exhibited Mode 2 rutting inducing noticeable depression in both aggregate 
subgrade and subgrade layer. On the contrary, section CP-XII showed mode 0 rutting with 
majority of the rutting damage constrained in the granular layer. 
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 The dissimilarity in rutting modes can be attributed to the variation in total aggregate 
cover. Because Section CP-XI had a thinner aggregate cover, the respective subgrade layer might 
have been subjected to higher loads and, as a result, accumulated higher permanent deformation. 
In contrast, no rutting was observed in the Section CP-XII subgrade and the granular layers 
underwent shear failure.  
 As approximated from geo-endoscopic imaging, the overall aggregate layer thickness in 
the Type F aggregate subgrade sections was less than that in the Type E aggregate subgrade 
sections. This anomaly contributed to a large variation in the number of passes to rutting failure. 
On the basis of the trenched image and GPR scan shown in Figure 5.20(c) and (d), the primary 
mode of rutting failure was observed to be in the aggregate layers rather than in the engineered 
subgrade. 
5.4.7 Summary: Accelerated Testing of Construction Platforms 
Figure 5.21 summarizes the average rutting progression observed in all of the construction 
platforms. The trends were grouped together based on the material type, composition, and 
gradation. For example, in the top left corner of Figure 5.21, rutting performances exhibited by 
Type A and Type C aggregate subgrade are shown. These two virgin aggregates were uniformly 
graded and had very large particles in granulate matrix. In contrast, Type B and Type D materials 
were recycled materials with somewhat well-graded particle size distribution. Even though both 
Type E and F materials were dense graded, the fines content (the percentage of materials passing 
through No. 200 [0.074 mm] sieve) was much higher in case of Type F aggregates.  
 The data depicted in Figure 5.21 show that Type A and Type C aggregate subgrade 
materials were prone to rutting when capped with Type E RAP materials. For each aggregate 
subgrade type, the RAP-capped sections consistently experienced a higher magnitude of rutting. 
Type E and Type F construction platform sections failed early as a result of thinner aggregate 
cover, as opposed to other types of aggregate subgrade sections. The shallow water level in 
Section CP-II exhibited premature shear failure, even with a thick aggregate cover. 
5.5 Performances of Flexible Pavement Test Sections 
The rutting performances of the flexible pavement test sections constructed on the south side of 
the test road are summarized in Figure 5.22. In the top left corner of the figure, rutting 
progression in the uniformly graded Type A and Type C aggregate subgrade sections are 
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presented; whereas, accumulations of rutting in Type B and Type D aggregate subgrade sections 
are presented in the top right corner of the figure. The bottom two charts of the figure show rut 
accumulations for the Type E and F aggregate subgrade sections, respectively with an increasing 
number of wheel passes. As shown in Figure 5.22, Section FP-I and Section FP-II (constructed 
over Type A) exhibited a steeper rate of rutting accumulation between 10 and 100 passes 
compared with Section FP-V and FP-VI (constructed over Type C). However, rutting 
progression beyond 100 passes was more gradual for sections constructed with Type A aggregate 
subgrade materials than with Type C materials.  
 In comparison with the Type A and Type C virgin aggregate sections, the Type B and D 
aggregate subgrade sections exhibited a lower magnitude of rutting. However, the nature of 
rutting progression was different between those two materials. After 10,000 passes, Type B 
sections (FP-III and FP-IV) showed tertiary stage type rapid rutting accumulation (similar to 
poor asphalt concrete behavior in flow number test), as opposed to the gradual progression of 
rutting seen in the Type D sections. For the Type E aggregate subgrade sections, Section FP-IX 
accrued excessively higher permanent deformation compared with Section FP-X. Although 
Section FP-XI and Section FP-XII exhibited different magnitudes of permanent deformation, 
rutting progression in these two sections eventually converged to similar values.  
 For each of the aggregate subgrade types, sections with dolomite subbase beneath an 
HMA layer were found to display higher rutting than the sections with the RAP subbase. This 
observation contradicted rutting trends observed in the construction platforms as discussed in 
Section 5.4. Also, Section FP-I, Section FP-V, and Section FP-IX reached failure within the 
designated number of passes. To determine the cause of such discrepancy, field cores were 
extracted from the HMA layer at north, center, and south end of the rut measurement line in each 
test section. Highlights of rutting performances from individual sections and the effect of HMA 
thicknesses determined from the cores will be discussed in subsequent sections of this chapter. 
5.6 Summary of Observations from Trenched Flexible Pavement Sections 
Figure 5.23 shows the transverse rut profiles of Sections FP-IX and FP-X with an increasing 
number of passes. Compared with Section FP-X, Section FP-IX showed slight heaving on the 
sides of wheel path, which indicates that the surface HMA layer was failing in shear in this case. 
As opposed to the other aggregate subgrade sections, rutting performance in Type E aggregate 
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subgrade sections varied over a wide range. Furthermore, standard deviations of measurements at 
east and west side of those two sections were also significantly high. For example, the average 
rut depth after 40,000 passes was 8.5 mm (0.33 in.) in Section FP-X. In contrast, the average rut 
depth after 40,000 passes in Section FP-IX was even higher than twice the value recorded in 
Section FP-X. The rate of rutting increased sharply between 100 and 1000 passes, followed by a 
gradual progression for the remaining 39,000 passes.  
 Figure 5.24 exhibits images from trenches excavated in Sections FP-IX and FP-X. The 
round-shaped grooves (signified by the black arrows) indicate coring locations in the HMA 
layer. The dashed black and solid white lines in designate aggregate subgrade and subgrade 
interfaces, respectively. As displayed, neither the aggregate subgrade nor the subgrade 
underwent any type of depression at the interfaces, which means that rutting primarily accrued in 
the HMA layer.  
 Measurements of core thicknesses indicate that the HMA layer in Section FP-X (west) 
was approximately 58 mm (~2.3 in.) thicker than that in Section FP-IX. Such variation in HMA 
thicknesses extensively affected the rutting performances. Also, thicknesses of total aggregate 
cover varied by a margin of 26 mm (1 in.). Visually non-existent subgrade or aggregate subgrade 
depression suggests that the variation in aggregate cover thickness had an insignificant bearing 
on rutting performances of the HMA surfaced sections. 
 Figure 5.25 displays the HMA cores taken at the east and west measurement lines of 
Sections FP-IX and FP-X. The top, center, and bottom rows of the HMA cores were taken from 
the north end, center, and south end of the measurement line. Based on the visual assessment of 
aggregate sizes in Figure 5.25, the binder course interface can easily be identified; also, the 
straight black line on the paper denotes the design thickness of the HMA layer [Figure 5.25]). 
Figure 5.25 clearly shows that HMA thicknesses varied largely and the bound layer thicknesses 
over the RAP subbase was higher than those in Section FP-IX throughout the length of 
measurement line. In fact, field core at the bottom right corner of the figure had considerably 
thinner binder course than the other counterparts.   
 Images from other trenched sections were compared to pinpoint the mode of rutting 
failure. Alike aforementioned two sections, the sections constructed with different aggregate 
subgrade materials did not show any significant subgrade or granular layer failure. The entire 
rutting in flexible pavement sections was solely limited in the bound asphalt concrete layer. 
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Therefore, the next section of this chapter discusses the effect of HMA thickness on rutting 
accumulation in a greater detail. 
5.7 Effects of HMA Thickness and Granular Material Composition on HMA Rutting 
Figure 5.26 presents the accumulated rut depths along with respective HMA thicknesses for the 
east and west measurement lines of all the flexible pavement sections. The column graphs in the 
figure show the magnitude of rutting; the black dots designate HMA thicknesses measured after 
coring. As shown in the figure, the highest HMA thickness was recorded on the west side of 
Section FP-X. In addition, the highest magnitude of rutting was observed in Section FP-IX which 
had same aggregate subgrade with a crushed dolomite subbase atop. Even though Section FP-X 
had the thickest HMA layer, it did not exhibit the least amount of rutting. This observation 
further solidifies the assumption that RAP is susceptible to rutting. Even with a thicker HMA 
layer, the west side measurement registered similar rutting performance compared with the 
rutting magnitude observed from the east side measurement of Section FP-IX.  
 The lowest HMA thicknesses were in Section FP-V; both east and west side 
measurements in that section resulted in similar rutting magnitudes compared with Section FP-
IX. Section FP-IV underwent the least amount of rutting, with a 112 mm (≈ 4.5 in.) thick HMA 
layer. Hence, in addition to the variation in HMA thickness, individual material characteristics 
may have an impact on how rutting progression would evolve. Furthermore, the influence of 
such material characteristics (of granular layers and subgrade) may not even be reflected readily 
in the rutting patterns. Both Sections FP-III and FP-IV had thicker HMA layers compared with 
the design thickness, yet those two sections exhibited conflicting rutting trends. Upon further 
investigation, the two sections were found to have the lowest aggregate cover among all the 
HMA sections. Therefore, not only the HMA thickness, but also the aggregate type, composition, 
and thickness could affect HMA rutting performance to a great extent without inducing 
significant stresses on unbound layers or on the subgrade. 
 To gain better insight into the rutting trends, HMA layer thicknesses, as well as relative 
compaction achieved in the field with respect to theoretical maximum specific gravity (provided 
by the contractor), were taken into consideration. Figure 5.27 summarizes the relative 
compaction observed in the field and measured in the lab for the two HMA lifts (surface and 
binder courses). The field measurements indicate the nuclear gauge results provided by IDOT 
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engineers, whereas the lab measurements correspond to the bulk specific gravity tests conducted 
on the cored and saw cut HMA specimens. In the figure, SC and BC stand for surface course and 
binder course, respectively. In addition, binder course thickness and total bound (HMA) layer 
thickness are indicated by the solid black and hollow black dots, respectively.  
 Nuclear gauge density results on the surface course indicated that Section FP-IX 
exhibited the lowest relative compaction. Conversely, laboratory results on HMA surface courses 
showed that the cored specimen from Section FP-III achieved the lowest relative compaction. 
The lowest relative compaction and thickness of binder course were recorded in Section FP-IX. 
A thinner binder course coupled with the least relative compaction led to the maximum 
accumulation of rutting, even though Section FP-V had a thinner HMA layer. Besides these 
observations, bulk specific gravity expressed in terms of relative compaction did not pinpoint 
any other significant trend. This implies that the variation in HMA thickness might be a 
construction issue related to how efficiently the underlying aggregate and subgrade layers 
provided support during the placement and compaction of HMA layer. 
 Considering the implications of asphalt concrete thickness variation, a mechanistic 
approach was undertaken to normalize the effect of HMA thickness such that an objective 
comparison of the aggregate subgrade materials can be possible. The following chapter provides 
the details of the normalization procedure using a finite-element-based mechanistic analyses of 
falling weight deflectometer responses. 
5.8 Summary 
This chapter summarizes rutting performances of constructed test sections. Rutting evaluation in 
the construction platform sections was accompanied by the assessment of penetration based 
strength indices in respective test sections. Large aggregate mobilization into the weak subgrade 
was proved to be beneficial in terms of higher than design subgrade CBR values and low 
magnitude of rutting accumulation after 4,000 passes. Presence of shallow water table in Section 
CP-II resulted in shear failure in both aggregate subgrade and subgrade layer. Contrary to the 
observations in working platform sections, flexible pavement sections with 100% RAP subbase 
exhibited better rutting performance. Further forensic investigation revealed that the RAP 
subbase sections consistently had higher asphalt concrete thickness leading to better rutting 
performances in respective subbase sections.









Figure 5.1: (a) Rutting in unbound construction platforms; (b) Customized device for rut measurement on construction platform/ 
unsurfaced pavements; (c) Automated laser profiler on asphalt concrete surface 
 









Figure 5.2: (a) Variable energy PANDA penetration device; (b) Geo-endoscopic imaging setup 









Figure 5.3: Surface rut profiles of Type A aggregate subgrade sections 








Figure 5.4: Geo-endoscopic images and penetration based strength indices recorded in Type A aggregate subgrade sections 




Figure 5.5: (a) Excavated trench in Section CP-I; (b) GPR scan from Section CP-I; (c) Excavated 
trench in Section CP-II; (d) GPR scan from Section CP-II








Figure 5.6: Surface rut profiles of Type B aggregate subgrade sections 








Figure 5.7: Geo-endoscopic images and penetration based strength indices recorded in Type B aggregate subgrade sections 





Figure 5.8: (a) Excavated trench in Section CP-III; (b) GPR scan from Section CP-III; (c) 
Excavated trench in Section CP-IV; (d) GPR scan from Section CP-IV








Figure 5.9: Surface rut profiles of Type C aggregate subgrade sections 








Figure 5.10: Geo-endoscopic images and penetration based strength indices recorded in Type C aggregate subgrade sections 





Figure 5.11: (a) Excavated trench in Section CP-V; (b) GPR scan from Section CP-V; (c) 
Excavated trench in Section CP-VI; (d) GPR scan from Section CP-VI 








Figure 5.12: Surface rut profiles of Type D aggregate subgrade sections 








Figure 5.13: Geo-endoscopic images and penetration based strength indices recorded in Type D aggregate subgrade sections 





Figure 5.14: (a) Excavated trench in Section CP-VII; (b) GPR scan from Section CP-VII; (c) 
Excavated trench in Section CP-VIII; (d) GPR scan from Section CP-VIII 








Figure 5.15: Surface rut profiles of Type E aggregate subgrade sections 








Figure 5.16: Geo-endoscopic images and penetration based strength indices recorded in Type E aggregate subgrade sections 





Figure 5.17: (a) Excavated trench in Section CP-IX; (b) GPR scan from Section CP-IX; (c) 
Excavated trench in Section X; (d) GPR scan from Section X








Figure 5.18: Surface rut profiles of Type F aggregate subgrade sections 








Figure 5.19: Geo-endoscopic images and penetration based strength indices recorded in Type F aggregate subgrade sections 





Figure 5.20: (a) Excavated trench in Section CP-XI; (b) GPR scan from Section CP-XI; 
(c) excavated trench in Section CP-XII; (d) GPR scan from Section CP-XII 








Figure 5.21: Rutting progression in construction platforms/ unsurfaced pavement sections with increasing number of passes 








Figure 5.22: Rutting progression in flexible pavement test sections with increasing number of passes 








Figure 5.23: Surface rut profiles of flexible pavement test sections with Type E (100% RAP) aggregate subgrade 




Figure 5.24: Excavated trenches in flexible pavement sections: (a) FP-IX and (b) FP-X























Figure 5.26: Accumulated rutting with as constructed HMA thicknesses in flexible pavement test sections 












CHAPTER 6: MECHANISTIC ANALYSES OF FWD RESPONSES 
6.1 Background 
As discussed previously in Chapters 2 and 3, stress-dependent modulus properties of large size 
unconventional aggregates cannot be determined using the standardized test protocol (AASHTO 
T 307) for resilient modulus due to the limiting specimen sizes of available test equipment. 
Furthermore, the post-traffic forensic investigation revealed that rutting in the flexible pavement 
test sections was confined to the asphalt concrete layer. In addition, variation in hot mix asphalt 
layer thickness in the full-scale test sections led to contradictory rutting observations from those 
encountered in the construction platform sections. Mitigating the effect of HMA thickness 
variation was critical for objective performance comparisons of the flexible pavement test 
sections constructed with different materials. In addition, any instrumentation effort was not 
feasible in the constructed test sections owing to the considerably weak subgrade condition and 
overlying large granular materials. To this end, mechanistic analyses of the falling weight 
deflectometer (FWD) responses were deemed to be the most viable approach (i) to investigate 
the influence of HMA thickness discrepancy and (ii) to achieve a reasonable estimation of stress-
dependent modulus properties for the large size granular materials with respect to any laboratory 
characterization data.  
This chapter discusses a finite element (FE) based forward calculation approach 
undertaken to match the FWD deflection basins observed in the full-scale test sections 
immediately after construction. The nonlinear modulus properties of unconventional aggregates 
were determined on trial and error basis such that those properties would result in the best-fit 
pavement responses to the FWD deflection basins. Besides FE analyses, the deflection basin 
parameters were examined against the critical pavement responses at the layer interfaces 
indicative of typical pavement distresses. Finally, the actual rutting magnitude was normalized 
against the pavement responses for the test section design thicknesses. The normalized rutting 
performances were found to be in agreement with the observations from unsurfaced pavements. 
6.2 Falling Weight Deflectometer (FWD) Testing 
Falling weight deflectometer is a nondestructive testing (NDT) equipment commonly used for 




load (0.5 to 2.9 kN [110 to 660 lb]) applications and measurement of subsequent pavement 
surface deflections at known offset distances. Thus, the FWD testing replicates the load-
deformation behavior of a pavement under a fast moving highway truck (Davies and Mamlouk 
1985; Hoffman and Thompson 1981a; Sebaaly et al. 1986; Shao et al. 1986; Ullidtz and Stubstad 
1985).  
On November 8, 2013, FWD testing was carried out on all of the flexible pavement test 
sections. Testing at each section constituted three different load drops from three different 
heights inducing variable stress states. In accordance with two statistical correlations, the mid-
depth pavement temperature was determined to be 21C. Note that deflections were measured 
with FWD geophone sensors evenly spaced at a distance of 305 mm (12 in.). Surface deflections 
corresponding to the locations of these FWD sensors are designated as D0, D1, D2, D3, D4, D5 and 
D6, consecutively. Figure 6.1 shows the deflection basin observed during the FWD testing in 
Section FP-IX.  The 30.6, 43.3 and 57.4 kN load drops produced 397, 584 and 793 m (15.6, 
23.0 and 31.0 mils) center deflections, respectively. Note that deflections measured with four 
geophones closest to the center of the load were selected for the finite element analyses. Once 
deflections at the above-mentioned intervals were measured with the geophone sensors, resulting 
deflections were normalized to a standard 40-kN (9-kip) equivalent single axle load applying a 
uniform pressure of 551 kPa (80 psi) over a circular area with a radius of 150 mm (5.91 in.). 
Rigorously tested and validated finite element (FE) based pavement analysis program GT-PAVE 
was used to estimate modulus properties of corresponding pavement layers (Tutumluer 1995; 
Tutumluer and Barksdale 1995). 
6.3 Deflection Basin Parameters 
Figure 6.2 shows the deflections recorded by the geophone sensors in the flexible pavement test 
sections. The effect of HMA thickness variation was evident from the observed deflections. 
Except for FP-XI and FP-XII test sections with Type F aggregate subgrade layer, even numbered 
sections with thicker asphalt concrete layers and RAP subbases exhibited lower deflection 
magnitudes when compared to their dolomite counterparts. Overall, the effect of thicker granular 
cover was noticeable from the deflections recorded with geophone sensors D2 through D6. The 
test sections with a thicker granular cover over CBR = 1% subgrade typically exhibited lower 




 Deflection basin parameters are generally derived from either the magnitude or the shape 
of FWD deflection basin normalized to 80-kN (18-kip) equivalent single axle load. Previous 
literature indicates that such parameters could be used as a means for pavement structural 
condition evaluation (Appea 2003; Hoffman and Thompson 1981b; Horak 1987; Horak and 
Emery 2006; Kim and Park 2002). Furthermore, such parameters have also been correlated to 
critical pavement responses like tensile strain at the bottom of asphalt concrete layer, subgrade 
stress ratio, compressive strain on the top of subgrade, etc. (Hoffman and Thompson 1981a; Jung 
1988; Kim et al. 2000; Lee 1997). 
 Table 6.1 highlights the key deflection basin parameters considered in the current study. 
The surface curvature index (SCI) was first introduced by the Texas Transportation Institute to 
overcome the limitations associated with maximum center deflection (Lee 1997). The SCI index 
can be defined as the numerical difference between maximum center deflection and the 
deflection recorded at a distance of 305 mm (12 in.). On the other hand, the base damage index 
(BDI) can be designated as the difference in deflections between sensors D1 and D2. The SCI 
values reflect the structural condition of the pavement upper layers; whereas the BDI values are 
indicative of strength in the intermediate unbound granular layers. The base curvature index 
(BCI), an indicator of subgrade condition, can be denoted as the difference in deflections 
measured at 610 and 914 mm (24 and 36 in.) of radial distances from the center of FWD load 
plate. Peterson and Shepherd (1972) presented a nomograph which related the structural 
conditions of pavement layers to the Dynaflect maximum deflection and surface and base 
curvature indices. 
 Hoffman and Thompson (1981[a, b]) introduced the AREA parameter based on the 
spreadability index derived by Vaswani (1971). This particular index represents the normalized 
deflection basin over a radial distance of 914 mm (36 in.) from the center of the load plate. In a 
recent NCHRP study, a methodology to determine the composite stiffness of rigid pavement 
structure was developed using this deflection basin parameter (Stubstad 2002). Hoffman and 
Thompson 1981 (a, b) also introduced two dimensionless parameters known as the F1 and F2 
factors reflecting the normalized relative difference in deflections as presented in Table 6.1. The 
researchers also concluded that F1 increased with a decrease in the ratio of modulus values 
between the surface layer and the layer underneath. F2 was found to increase with the decrease 




reported on the area under pavement profile (AUPP) parameter which can be defined as the area 
beneath the deflection basin over a radial distance of 914 mm (36 in.) from the center of the load 
plate. Garg (1997) found the AUPP index to be an excellent indicator of tensile strain at the 
bottom of hot mix asphalt layer.  
 Figure 6.3 shows the deflection basin parameters recorded in the full-scale test sections 
with hot mix asphalt surfacing. The highest magnitude of center deflection was recorded in 
Section FP-V. According to the as-constructed layer thicknesses presented in Table 6.2, the same 
section had the thinnest HMA layer. Conversely, Section FP-X with the thickest asphalt concrete 
layer exhibited the lowest magnitude of center deflection. A similar trend was also found in case 
of the surface and base curvature indices (SCI and BCI). On the other hand, the highest 
magnitude of base damage index (BDI) was recorded in Section FP-IX. Notably, this particular 
section had 106-mm (4.2-in.) thick HMA layer, which was considerably thicker than the 
designed dolomite (Type G) subbase. Despite that, the high magnitude of base damage index 
might be indicative of poor performance by Type E 100% reclaimed asphalt pavement materials 
in the aggregate subgrade layer. Also, the variation in HMA thickness between the Type G 
dolomite and Type E RAP sections was reflected in the deflection basin parameters. Except for 
Sections FP-XI and XII, the SCI, BCI, and BDI values were found to be lower in case of the 
even-numbered sections with 100% RAP subbase and a thicker HMA layer. 
 Similar to the trends in deflection basin based damage indices, the highest magnitudes of 
F1 and F2 factors were also recorded in Section FP-V. On the other hand, the lowest values of 
those two factors were recorded in Section FP-X with the thickest asphalt concrete layer. With 
the exception of Section FP-IX, the test sections with thinner granular cover in Cell 3 appeared 
to have lower shape factors than the test sections with thicker granular cover in Cells 1 and 2. A 
similar trend was also noticed in case of the AUPP index. The effect of thicker HMA layer was 
also evident from the AREA values. Note that higher AREA values generally indicate better 
overall structural conditions of the entire pavement systems. Owing to the thickest asphalt 
concrete layer, the highest AREA value was recorded in Section FP-X. On a similar note, the 
sections with HMA layers thinner than the design thicknesses also ended up with the lower 
AREA values. In light of the deflection basin parameters described above, observed trends in the 
current study were in good agreement with the findings from the previous literature.    





6.4 Mechanistic Analyses of FWD Responses 
Deflection measurements have been widely used by transportation agencies to determine the 
elastic moduli of pavement layers, load carrying capacity of flexible pavements, load transfer 
efficiency of rigid pavement slabs, estimates of remaining service life, and so on. Overall, the 
FWD data analyses can be grouped into two major categories: (1) Methods for interpretation of 
pavement response related layer moduli (backcalculation) and (2) methods of analysis for 
directly calculating critical pavement responses (forward analysis). Numerous analytical studies 
have been conducted over the past few decades regarding the problems and errors associated 
with FWD analyses techniques (Appea 2003). The precision and accuracy of computed stresses 
and strains with respect to actual responses experienced in the pavement system largely depend 
on the selection of appropriate mathematical model. The following subsections provide a brief 
review of the literature on existing backcalculation approaches, associated problems, forward 
analysis techniques, and relevant notable studies related to a finite element based mechanistic 
analyses of FWD responses. 
6.4.1 Existing Backcalculation Approaches 
Based on the assumption of loading scenario and subsequent pavement responses, the 
backcalculation approaches can be further classified into two major groups: 
i. Static backcalculation methods; and 
ii. Dynamic backcalculation methods. 
The difference between static and dynamic response analyses can be defined in terms of 
the internal forces involved. In static analysis, only elastic forces are considered.  Conversely, 
dynamic analysis can accommodate viscous and inertial forces in addition to the elastic forces. 
Notably, FWD backcalculation in pavement engineering is deemed to be an exercise for a 
reasonable approximation of pavement analysis inputs rather than fundamental pavement 
properties within a given mechanistic framework. Therefore, static analysis has been the 
accepted norm in current mechanistic-empirical pavement design framework. However, the 
effect of dynamic wheel loading becomes important if the pavement structure is in close 




analysis of a flexible pavement system can also predict the frequency dependent modulus of the 
corresponding layer.   
6.4.1.1 Static Backcalculation Methods 
Static backcalculation analysis approaches may be classified into three different categories, 
namely (Tutumluer and Sarker 2015): 
i. Simplified methods; 
ii. Gradient-relaxation methods; and 
iii. Direct interpolation methods. 
The simplified and direct interpolation approaches are not popular since the typical 
numerical routines associated with these two approaches do not iterate the moduli properly. As a 
result, the solutions with the above approaches converge to local minima with numerous 
possibilities where a global optimization may be required. These methods are also prone to 
erroneous solutions if the pavement layer properties and behavior are considerably different than 
the assumptions made during the analyses. Despite these drawbacks, if the mathematical problem 
is formulated correctly, the simplified and direct interpolation methods may lead to a sufficiently 
reasonable solution. 
Because of the nonlinear formulation of the algorithm to address the aforementioned 
problem, gradient-relaxation methods are the most popular among the aforementioned 
approaches. With this type of approach, mathematical models are assigned to describe the 
pavement condition. The process involves: 
i. Determination of deflections from a formulated model based on a set of seed moduli for 
the respective pavement layers (empirically known values for standard layers); and 
ii. Comparison of the estimated values with the experimental values from FWD testing. 
The difference between the estimated and experimental values are minimized through 
trial and error basis with target statistical parameters. Thus, the gradient relaxation techniques 
often furnish reasonable estimations of pavement layer properties where the problem 
assumptions regarding the pavement layer thickness, interface, homogeneity, and other 
properties are in good agreement with the actual pavement condition. 
As mentioned previously, several software programs currently exist for the 




MODULUS, etc. The BAKFAA software was developed by the Federal Aviation Administration 
based on the layered elastic analysis module named LEAF. BAKFAA solution converges to a 
minimal value of Root Mean Squared Error (RMSE). The computer program ELMOD was 
developed by Dynatest, Inc. This particular program employs iterative Odemark type equivalent 
thickness approach to backcalculate the layer properties. 
EVERCALC and MODULUS were developed by Washington Department of 
Transportation (WSDOT) and Texas Transportation Institute (TTI), respectively. The 
MODULUS program 6.0 version optimizes the solution by adjusting the modulus properties 
available from a database of computed deflection basins (Scullion et al. 1990). These deflection 
basins are predetermined from the forward calculation with a layered elastic solution platform 
WESLEA, developed by the U.S. Army Corps of Engineers. Flexible pavements with up to four 
unknown layers can be processed using the MODULUS 6.0. 
Alike MODULUS 6.0, EVERCALC also calculates the deflection basin using WESLEA 
for a set of assigned layer moduli and optimizes the solution through iterations by converging the 
RMSE to a designated minimum value. Unlike MODULUS, EVERCALC can produce solutions 
for five layer systems using an optimization technique known as the augmented Gauss-Newton 
algorithm (Sivaneswaran et al. 1991). However, these approaches revolve around the assumption 
of layered elastic analysis of the pavement structure, which neglect some critical considerations 
such as visco-elastic behavior, stress dependency, cross-anisotropic layer modulus behavior, etc. 
Further details on similar static backcalculation techniques can be found in a recent Federal 
Highway Administration report (Chatti et al. 2017). 
6.4.1.2 Dynamic Backcalculation Methods 
Unlike the static methods, dynamic backcalculation methods are complex in nature and need 
significant computational effort. Majority of the dynamic backcalculation methods use forward 
solutions based on dynamic, damped elastic finite element method. These methods can either be 
on time domain or on frequency domain. For the frequency domain, fast Fourier transform (FFT) 
is used to convert the applied load and measured deflection time histories to the frequency 
domain. Based on the analyses, the calculated steady state deflection basin is matched with the 
measured sensor deflections at one or more frequencies. Conversely, the time domain approach 




histories. Uzan (1994) compared the aforementioned methods and documented that the time-
domain approach was preferable to the frequency domain method. 
Analyses and interpretations of dynamic backcalculation methods can present several 
major challenges. For example, the frequency domain approach can result in large errors if the 
measured FWD records are truncated prior to the full decay of motions in time. On a similar 
note, time synchronization of load and deflection sensor records and reduction of data noise may 
require significant expertise to implement the time domain approach and interpret the predicted 
results properly. BKGREEN and PAVE-SID are two known frequency domain based 
backcalculation software programs (Kang 1998; Kausel and Roësset 1981; Magnuson et al. 
1991); whereas, FEDPAN and EVERCALCII are two known time domain based backcalculation 
software programs (Ong et al. 1991; Turkiyyah 2005). Uzan (1994) developed a dynamic 
backcalculation program based on finite layer solution named UTFWIBM. DYNABACK along 
with the above mentioned software program can accommodate both time and frequency domain 
approaches. Notably, all of these dynamic software programs are computationally very intensive. 
6.4.2 Forward Analysis 
In the forward analysis, the methods used to calculate pavement responses can be categorized 
based on the following: 
i. Theory of elasticity; 
a. Semi-infinite half space 
b. Semi-infinite layered half space 
ii. Finite element method; 
a. 2-D axisymmetric finite element model 
b. 3-D finite element model 
iii. Probabilistic analysis; and 
iv. Discrete element method. 
A one-layer pavement system solution is generally based on Boussinesq’s original half-
space solution; whereas, the layered elastic (also referred to as ‘layered elastic analysis [LEA]’) 
solution for semi-infinite half-space is extensions based on Burmister’s two and three-layer 
solutions. Among the above methods, LEA is the most popular because of the relative simplicity 




i. The surface load is uniformly distributed over a circular area; 
ii. All layers are homogeneous, isotropic, and linearly elastic; 
iii. Upper layers extend horizontally to infinity; 
iv. Bottom layer is a semi-infinite half-space. 
Computer programs that use the layered elastic analyses for flexible pavements include 
but not limited to BISAR, CIRCLY, CHEVRON, ELSYM5, JULEA, KENPAVE, MNLAYER, 
etc. (Van Cauwelaert et al. 1989; De Jong et al. 1979; Thanaya 1995; Wardle 1977; Warren and 
Dieckmann 1963). Besides LEA, finite element analysis has been widely used for mechanistic 
analyses of pavement systems including three dimensional (3-D) general purpose programs like 
ABAQUSTM, LS-DYNA and ANSYS (Kim 2005b; Uddin et al. 2017; Wang 2005), and two-
dimensional (2-D) axisymmetric pavement-specific programs such as ILLIPAVE, MICHPAVE 
and GT-PAVE, etc. (Elliott and Thompson 1985; Harichandran and Baladi 2000; Thompson and 
Elliott 1985; Tutumluer 1995). The primary benefit of FEA is that critical pavement material 
characteristics like layer modulus stress dependency and anisotropy can be easily accommodated 
through the use of sophisticated constitutive models. Some of these programs can also perform 
dynamic and/or viscoelastic analyses. 
6.4.3 Finite Element Analyses of FWD Responses 
For the mechanistic analyses, an axisymmetric finite element program named ‘GT-PAVE’ was 
used in the current study. The nonlinear finite element program was developed at the Georgia 
Institute of Technology in 1996 (Tutumluer 1995). GT-PAVE can accommodate the stress-
dependent behavior of unbound granular materials along with anisotropic characterization. In 
several studies, GT-PAVE FE program has been validated with measured pavement responses 
from instrumented full-scale test sections and verified with three-dimensional general purpose 
software like ABAQUSTM (Kim et al. 2009; Kwon et al. 2009; Tutumluer and Thompson 1997; 
Xiao et al. 2015; Xiao and Tutumluer 2016). The following subsections provide a theoretical 
basis for the selection of analytical parameters in finite element analyses of the FWD responses 




6.4.3.1 Dynamic versus Static Response 
Davies and Mamlouk (1985) studied the theoretical response of multilayer pavement systems to 
nondestructive testing with Road Rater, Dynaflect and the falling weight deflectometer. They 
noted that mechanistic analysis with the static loading assumption could lead to 20-30% error in 
predicted pavement responses. The dynamic deflections are often three-fourths of static 
deflections for pavement systems having thick surface layers. Conversely, the dynamic 
deflections of pavement systems with thin surface layers are larger than the static deflections. 
The researchers also concluded that inertial forces could govern the pavement responses if the 
operating frequency of the loading device matched up with the resonant frequency of the 
corresponding pavement system. Such resonance was likely to occur in case of a shallow 
bedrock. 
 Roesset and Shao (1982) also documented similar findings related to the influence of 
bedrock on Dynaflect and FWD responses. According to their study, displacements near the 
center of loaded area primarily were influenced by the material properties and the static analysis 
was deemed adequate to predict pavement responses reasonably. Dynamic effects were minimal 
for the FWD compared to other devices like Road Rater and Dynaflect since a broad range of 
frequencies are often excited during the FWD tests. Also, the dynamic amplification increased 
with the distance to the load. 
 Chang et al. (1992) reported much smaller depths of bedrock (1.5 to 4.6 m [5 to 15 ft]) 
for the FWD dynamic amplification effect.  As a result, FWD testing could lead to 
deamplification where the static analysis would overestimate the elastic moduli of pavement 
layers. Based on the previous literature described above, static analyses would be reasonable if 
the respective depth of bedrock was sufficiently deep.  
According to a recent Illinois State Geological Survey study, the depth of bedrock at the 
Illinois Center for Transportation in Rantoul Illinois location was found to be in the range of 350 
to 400 ft (Stumpf 2014). Henceforth, static analyses of the constructed test sections would be 
sufficient for reasonably accurate predictions of pavement responses. Furthermore, deflections 
from only four different geophone sensors closest to the center of the load were considered in 




6.4.3.2 Domain Size and Finite Element Mesh 
The computational effort required for a three-dimensional pavement structure is reduced 
significantly by the adoption of an axisymmetric model that assumes homogeneous material 
properties in all horizontal planes within a cylindrical coordinate system (Kim et al. 2010). In the 
axisymmetric model, selection of appropriate domain size is important for the accuracy of finite 
element results that can be influenced by the inifinity (boundary truncation) effects (Kim 2005b). 
Duncan et al. (1968) documented that the fixed bottom boundary had to be at least 50 times the 
radius of the loaded area (R); whereas, the vertical roller boundary had to be at least 12 times the 
radius of the loaded area away from the center of the load.  
 Kim (2005) conducted a numerical study on pavement responses with four different 
domain sizes (15R X 140R, 20R X 140R, 25R X 140R, 30R X 140R) using a general purpose 
finite element software ABAQUSTM. The resulting responses were compared against the 
responses predicted with the elastic layered program KENLAYER. The domain size 20R X 
140R was found to be an adequate analysis domain to match the responses from KENLAYER. 
Differences between the deflections with aforementioned domain size and subsequent larger 
domain sizes were found to be minimal. Using the GT-PAVE FE, Mishra (2012) compared the 
predicted responses to the measured responses from instrumented unsurfaced pavement sections 
also constructed and tested under APT loading at the Illinois Center for Transportation test site in 
Rantoul, Illinois. The FE analysis domain used by Mishra (2012) was somewhat shallower with a 
33R X 66R size. In a recent study, Xiao and Tutumluer (2012) developed a methodology to 
classify typical base and subbase course aggregates used in the state of Minnesota based on the 
concept of equivalent resilient modulus. The equivalent resilient modulus values were 
established based on the finite element analysis with the GT-PAVE FE program using an 
approximate domain size of 27R X 147R. 
 The radius of the FWD load plate used in the current study was a standard 15 cm (5.9 
in.). As mentioned before, the FWD testing was conducted at the center of each section with the 
three different load levels. Notably, all of the flexible pavement sections in the current study 
were only 4.57 m (15 ft) long and 2.74 m (9 ft) wide. Considering the dimensions of the full-
scale test sections, a domain size of 12R X 54R (1.80 X 8.13 m [71 X 320 in.]) was deemed 




Figure 6.4 shows the GT-PAVE FE mesh consisting of 540 isoparametric eight-node 
quadrilateral elements. As illustrated, the elements were numbered in an increasing order from 
the bottom towards the pavement surface. A uniform load of 40 kN (9000 lb) was distributed 
over a radius of 15 cm (5.9 in.) encompassing three elements on the top-left corner of the mesh. 
The nodal distance between the edges of consecutive elements increased with increasing offset 
distances from the center of the falling weight deflectometer load.         
6.5 Selection of Material Properties 
6.5.1 Time-Frequency Conversion for Resilient Modulus 
The GT-PAVE FE program assumes the hot mix asphalt layer to be linear elastic. Conversely, 
the asphalt concrete material is inherently viscoelastic. That’s why it is imperative to select a 
constant value of elastic modulus for the hot mix asphalt layer representative of corresponding 
FWD loading time and pavement temperature. Currently, there are several schools of thought 
regarding the frequency in relation to time; e.g., the angular frequency approach, t = 1/ 
(Dongre et al. 2005) and the pulse frequency approach, t = 1/f (Katicha et al. 2008), etc. 
Papazian (1962) introduced the angular frequency approach to be used as early as at the 1st 
International Conference on the Structural Design of Asphalt Pavements in 1962. This approach 
was later incorporated in the mechanistic-empirical pavement design guide by Shell Oil 
Company. Contrary to that, the current AASHTOWare Pavement ME program follows the pulse 
frequency approach within the framework of MEPDG. 
 The elastic modulus values for asphalt concrete materials in this study were obtained 
from the conversion of dynamic modulus to the resilient modulus. Witczak and Bari (2004) 
defined the complex modulus as the ratio of the amplitude of the sinusoidal stress (at any given 
time t and angular load frequency ω,   = 0 sin(t) and the amplitude of the sinusoidal strain   
= 0 sin(t), at the same time and frequency. Furthermore, the ‘dynamic modulus’ is 
mathematically designated as the absolute value of the complex modulus. Since the dynamic 
modulus testing involved sinusoidal loading, the FWD loading time ought to be converted with 
the angular frequency approach. 
 For converting dynamic modulus results to resilient modulus data, the time of loading in 
both testing procedures should be compatible. Bohn et al. (1972) investigated the stress pulses 




depths of the pavement structure. Based on the field study, the researchers concluded that the 
duration of stress pulse increased with depth under moving wheel loading; whereas, the duration 
of FWD stress pulse remained almost constant to 0.03 seconds. Meier (1995) reported typical 
load durations of 0.025-0.03 seconds for FWD drops with peak dynamic force in the range of 6.7 
kN (1,500 lbs) to 106.8 kN (24,000 lbs). Similarly, Loulizi et al. (2002) documented that FWD 
load pulse can be reasonably approximated by a haversine loading with a duration of 0.03 
seconds. Assuming a loading time of 0.03 seconds, the equivalent angular frequency is equal to 
33.3 rad/second. Upon conversion from angular frequency to regular frequency by dividing 33.3 
rad/second with 2, the resulting frequency for FWD loading would be approximately 5 Hz. 
 Owing to the existence of rest period, the magnitude of asphalt concrete recoverable 
strain in resilient modulus test is generally higher than the strain amplitude in dynamic modulus 
test for a given stress level and frequency. This observation has been corroborated by several 
previous studies (Hu et al. 2008; Loulizi et al. 2006; Xiao 2009). For HMA mixtures used in 
Texas and Florida, Shu et al. (2010) recommended a multiplication factor of 1.3 to convert from 
resilient moduli to dynamic moduli. Xiao (2009) conducted resilient and dynamic modulus tests 
on 20 different types of asphalt concrete mixtures typically used in Florida with varying particle 
size distributions and binder contents. Based on the statistical correlation of resilient and 
dynamic modulus values at 5 Hz, a multiplication factor of 0.97 was reported for obtaining 
resilient modulus from dynamic modulus tests. For conversion of resilient modulus to dynamic 
modulus at the frequency of 5 Hz, Loulizi et al. (2006) documented multiplication factors of 1.07 
and 1.4 for typical surface and binder mixes, respectively, used in the Commonwealth of 
Virginia. Notably, the surface and binder mixes in the current study had nominal maximum 
aggregate sizes of 9.5 mm (3/8 in.) and 25.4 mm (1.0 in.), respectively. Due to the relative 
similarities in particle size distributions, the conversion factors recommended by Loulizi et al. 
(2006) were used to calculate the resilient modulus values for surface and binder courses used in 
the current study. As discussed in Chapter 3, the dynamic moduli of surface and binder courses 
were found to be 7928.0 and 10377.8 MPa (1150.0 and 1505.2 ksi), respectively, at a reference 




6.5.2 HMA Modulus Adjustments for Temperature and Air Voids 
Due to the viscoelastic behavior of asphalt concrete, the temperature of the hot mix asphalt layer 
is deemed to be the most important environmental factor that can influence the resulting 
deflections on the pavement surface. To this end, the 1993 AASHTO Guide for the Design of 
Pavement Structures incorporated a general procedure for temperature correction of FWD 
deflections and backcalculated HMA modulus values. Chen et al. (2000) developed a unified 
procedure for temperature correction for deflection and moduli of flexible pavements in the state 
of Texas. According to that study, deflections at a radial distance of 0 and 203 mm (0 and 8 in.) 
are significantly affected by temperature. Based on the significant data collected from LTPP 
studies, Lukanen et al. (2000) also developed temperature prediction and deflection correction 
procedures. Diefenderfer (2002) investigated the temperature data collected from various LTPP 
test sections and developed a statistical correlation to predict the pavement temperature at a 
certain depth from ambient temperature and geographical coordinates. That model was later 
validated and enhanced using the data collected from Virginia Smart Road LTPP test site. Prior 
to temperature correction on asphalt concrete modulus, the pavement temperature at the time of 
FWD testing was evaluated using the aforementioned empirical procedures. Based on the 
calculations, the pavement temperature at the mid-depth of hot mix asphalt layer in the full-scale 
test sections during the FWD testing was found to be in the range of 20-22°C. Since the 
pavement temperature was similar to the reference temperature of the dynamic modulus tests, no 
further correction was necessary to adjust the modulus values of surface and binder mixes. 
 
Temperature Prediction Model Based on LTPP Data (Diefenderfer et al. 2003) 
Daily maximum ambient temperature, Tmax = 11C 
Day of year, Yd = 312 
Latitude, L = 40.28615 
Depth from asphalt concrete surface, Pd = 0.0508 m = 2.0 in.  
Predicted daily maximum pavement temperature,  
pmax max d6.0775 1.1265 0.001820 0.0839 53.524 19.6978dY PT T L C        
Virginia Smart Road Temperature Prediction Model (Diefenderfer et al. 2006) 
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 Volumetric properties like air voids and voids in mineral aggregate can greatly influence 
the mechanical properties of respective asphalt concrete mixes. Both high and low air voids can 
be problematic for flexible pavements. For example, low air voids can result in plastic flow, 
rutting and shoving as well as bleeding; whereas, high air voids can lead to increased binder 
aging, moisture damage, etc. High air void content also adversely affects the asphalt concrete 
stiffness. In a parametric study, Tayebali et al. (1994) investigated the axial, diametral, flexural 
and shear stiffnesses properties of asphalt concrete mixes comprising of two different aggregate 
types and binder contents compacted at 4% and 8% air voids, respectively. Regardless of the 
methodology, specimens with high air voids consistently exhibited lower stiffness values. 
 On a similar note, bulk specific gravity tests conducted on the field cores from the 
constructed test sections (in the current study) indicated considerably high air-voids contents in 
the binder course. In light of the above observation, the resilient modulus values assigned for the 
asphalt concrete layers in the test sections had to be adjusted for the disparity in air void 




the Hirsch predictive model from Christensen and Bonaquist (2005) to normalize the effect of air 
voids on hot mix stiffnesses. 
 To this end, the dynamic moduli of surface and binder courses in this study were adjusted 
for the relative difference in air voids among the flexible pavement test sections. Since the 
AASHTOWare Pavement ME software uses the Witczak-Fonseca model as the Level 3 
predictive equation for dynamic modulus, the corresponding model was used to account for the 
influence of air voids on asphalt concrete stiffness in the current study (ARA Inc. 2002). It was 
assumed that there was no change in the particle size distribution and overall asphalt content in 
the HMA mixes at different test sections. The disparity in air voids was solely attributed to the 
nonuniform subbase (foundation) support and was essentially assumed to be reflected in the 
associated volumetric properties like voids in mineral aggregates (VMA), voids filled with 
asphalt (VFA) and effective binder content (Veff). The following equation shows the Witczak-
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where: 
E* = dynamic modulus; 
η = bitumen viscosity (106 Poise); 
f = loading frequency (Hz); 
Va = air void content (%); 
ρ34 = cumulative % retained on the 3/4 in. sieve; 
ρ38 = cumulative % retained on 3/8 in. sieve; 
ρ4 = cumulative % retained on No. 4 sieve; and 
ρ200 = % passing the No. 200 sieve. 
 
Tables 6.3 and 6.4 list the dynamic modulus adjustment factors for the flexible pavement 
test sections. The effect of high air void content was evident from the low multiplication factors 




voids was recorded in the binder course of Section FP-IX. The same section also ended up with 
the lowest adjustment factor for dynamic modulus. Table 6.5 summarizes the composite modulus 
values of HMA layer in the flexible pavement test sections. The composite resilient modulus 
values were obtained from the weighted average (against thickness) of respective modulus values 
for the surface and binder courses. The lowest and highest resilient modulus values were 
recorded in Sections FP-IV and FP-VI, respectively.    
6.5.3 Stress-Dependent Modulus Properties of Subbase/Capping Materials 
Table 6.6 lists the resilient modulus model parameters for the two different subbase aggregate 
types. The model parameters presented in Table 6.6 are for the following resilient modulus (MR) 
models: Uzan model (Uzan 1985), and the MEPDG model (ARA Inc. 2002). The Uzan model 
simply correlates the resilient modulus to bulk stress (first stress invariant) and applied deviator 
stress; whereas, the MEPDG model includes the octahedral shear stress instead of the deviator 
stress. The bulk stress term, ky designates the stress hardening behavior of unbound granular 
materials (UGM). Conversely, the deviator/ shear stress term, kz represents the stress softening 
behavior of UGM. The following equations show the formulations of the Uzan and MEPDG MR 
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where: 
MR = resilient modulus (kPa); 
θ = bulk stress (kPa); 
d = deviator stress (kPa); 
p0 = unit pressure (1 kPa); 
pa = atmospheric pressure (101.3 kPa); 
oct = octahedral shear stress (kPa); 
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2 - 3 = for axisymmetric condition; 
1 - 2 =d = deviator stress (kPa); 
kx, ky, kz = model coefficients; 
x, y, z = 1, 2, and 3, respectively for vertical pulsing; 
x, y, z = 4, 5 and 6, respectively for horizontal pulsing; and 
x, y, z = 7, 8 and 9, respectively for shear modulus. 
 
Based on the anisotropic MR testing presented in Chapter 3, Type E 100% reclaimed 
asphalt pavement (RAP) materials exhibited substantially higher modulus values relative to Type 
G crushed dolomite due to pulsing in the vertical direction. However, for horizontal pulsing, both 
the bulk stress and deviator stress terms for Uzan model were found to be the highest in case of 
the virgin dolomite. On the other hand, Type E RAP exhibited the highest magnitude of shear 
stress term with horizontal pulsing in case of the MEPDG model. Note that only the Uzan model 
parameters will be used for finite element analyses described in this chapter. 
As discussed previously, conventional resilient modulus testing is not feasible for the 
large size unconventional aggregates due to the specimen size limitations. For the finite element 
analyses, stress-dependent modulus properties of aggregate subgrade materials were assumed 
based on the recommendations from previous literature. The final values were selected on a trial 
and error basis that furnished the best fits of the measured deflection basins from the full-scale 
test sections. Rada and Witczak (1981) compiled a database of 271 resilient modulus test results 
and developed a predictive equation shown below correlating the terms of Hicks-Monismith 
(also known as bulk stress) K-θ model: 




MR = resilient modulus (psi); 
θ = bulk stress/ first stress invariant; and 





 Mishra (2012) conducted a parametric study to investigate the influence of physical 
characteristics on strength, stiffness and permanent deformation properties of typical aggregate 
base course materials used in Illinois. Similar to Rada and Witzack (1981) model, Mishra (2012) 
documented a predictive equation (as presented below) applicable to the unbound aggregates 
typically used in Illinois. The initial seed values for the FE analyses were assigned based on the 
aforementioned predictive equation. Finally, the subgrade was treated as a linear elastic layer and 
subsequent modulus values were assigned on trial and error basis. 
 




MR = resilient modulus (psi); 
θ = bulk stress/ first stress invariant; and 
 K, n = regression coefficients. 
 
6.5.4 Anisotropic Modulus Ratios 
Pavement researchers have attempted to characterize the anisotropic behavior of granular 
materials using the repeated load triaxial (RLT) device. Allen and Thompson (1974) conducted 
RLT tests with constant and variable confining pressure (CCP and VCP). The researchers 
documented that the granular materials exhibited anisotropic behavior in both CCP and VCP 
RLT tests. Since the measured value of Poisson’s ratio exceeded 0.5, the upper bound for an 
isotropic material; the material response had to be anisotropic. Such assumption may be 
misleading because values of Poisson’s ratio exceeding the threshold of 0.5 may also indicate 
that the material is dilating, which is a phenomenon that granular materials exhibit when the 
grains slide past each other as the material is subjected to external forces. 
 Based on the data presented by Allen (1973), Crockford et al. (1990) and Hicks (1970), 
Tutumluer and Thompson (1997) developed a simplified procedure to predict the Uzan model 
horizontal and shear moduli parameters for anisotropic characterization. According to this 
approach, the interpretation of anisotropic behavior was dependent on conventional resilient 
modulus testing with vertical pulsing only. The simplified procedure limits the ratio of horizontal 




shear modulus to vertical modulus was found to be 0.25 to 0.35. The following equations show 
the empirical models proposed by Tutumluer and Thompson (1997) for the prediction of Uzan 
model parameters. 
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MR = resilient modulus (psi); 
θ = bulk stress (psi); 
d = deviator stress (psi); 
p0 = unit pressure (1 psi); 
1 - 2 =d = deviator stress (psi); 
kx, ky, kz = model coefficients; 
x, y, z = 1, 2, and 3, respectively for vertical pulsing; 
x, y, z = 4, 5 and 6, respectively for horizontal pulsing; and 
x, y, z = 7, 8 and 9, respectively for shear modulus. 
 
 To overcome the above-mentioned limitation, Tutumluer and Seyhan (1999) developed a 
state of the art repeated load triaxial device known as ‘University of Illinois (UI) FastCell’ that 
could accommodate pulsing stresses on triaxial specimens in the radial direction. Seyhan and 
Tutumluer (2002) documented that anisotropic modulus ratio (horizontal resilient modulus/ 
vertical resilient modulus) could be an excellent indicator of aggregate performance. Note that 
higher modulus ratios (approaching unity) essentially indicate that the material is exhibiting 
“isotropic” conditions, indicative of similar modulus values in the vertical and horizontal 
directions.  
Adu-Osei et. al. (2000) used a similar device called Rattcell to study the anisotropic 
behavior of granular materials. The researchers assumed that response was linear if the change in 




stresses, the state of triaxial compression, extension or shear could be simulated and the 
anisotropic properties could be determined. According to that study, the moduli ratios, horizontal 
to vertical modulus (MRh/MRv) and shear to vertical modulus (G/MRv) ratios were found to be 
fairly constant for a particular material at all stress levels. Also, the average anisotropic modulus 
ratios (MRh/MRv and G/MRv) of a well-graded Texas limestone were reported to be approximately 
0.50 and 0.30, respectively. 
 Using a true triaxial device, Zamhari (1998) measured the anisotropic properties of 
granular materials and reported the anisotropic modulus ratios (MRh/MRv) in between 0.57 and 
1.0. Karasahin and Dawson (2000) studied the anisotropic behavior of a sand and gravel blended 
granular materials under cyclic isotropic consolidation and determined a range of anisotropic 
modulus values from 0.1 at a low cyclic cell pressure (50 kPa) to 0.7 at high cyclic cell pressure 
(225 kPa). They also found that the anisotropy increased with an increasing number of load 
cycles, possibly as the material underwent plastic straining and the particles were reoriented 
during consolidation. The Australian Pavement Design Guide (APDG) recommends that the 
granular and subgrade materials are modeled as stress dependent and cross-anisotropic with a 
(MRh/MRv) modulus ratio value of 0.5. 
 The subbase materials used in the current study were tested with the UI-FastCell. Since 
the Uzan model parameters for shear modulus properties cannot be directly obtained from UI-
FastCell, those parameters for subbase materials were approximated from the simplified 
procedure developed by Tutumluer and Thompson (1997). In light of the literature discussed 
above, the horizontal to vertical modulus (MRh/MRv) and shear to vertical modulus (G/MRv) ratios 
for the remaining aggregate subgrade materials were assumed to be 0.15 and 0.35, respectively.  
6.6 Stress-Dependent Modulus Properties of Aggregate Subgrade Materials 
Figure 6.5 shows the predicted surface deflections against the actual deflections measured in the 
flexible pavement test sections of Cell 3. According to Figure 6.5, predicted deflections were 
found to be in the close proximity of actual FWD deflection ranges. Figure 6.5 also shows that 
Section FP-X with 100% RAP subbase exhibited significantly lower FWD deflections compared 
to the dolomite subbase section (section FP-IX) owing to the higher asphalt concrete thicknesses. 
The influence of thickness was also evident from the sections with Type F virgin aggregate 




to Section FP-XII, the resulting deflections in Section FP-XI were accordingly somewhat lower 
than those in Section FP-XII. 
 Table 6.7 lists the back-calculated modulus properties of corresponding pavement layers. 
The effect of large rock penetration in CBR = 1% test sections was evident from the relatively 
consistent and higher modulus values of subgrade layer compared to the test sections constructed 
over CBR = 3% subgrade. With the exception of Section FP-V, test sections constructed over 
CBR = 1% engineered subgrade also had relatively stiffer aggregate subgrade layers compared to 
the respective layers in CBR = 3% subgrade sections. The discrepancy of aggregate subgrade 
stiffness in Section FP-V can be attributed to the lowest recorded HMA thickness governing the 
overall magnitude of surface deflection. Contrary to the lowest modulus value recorded in 
Section FP-V, Type C aggregate subgrade layer consisting of primary crusher run aggregates in 
the adjacent section (Sec. FP-VI) exhibited the highest bulk-stress parameter. Among the 
aggregate subgrade materials, Type D blended recycled aggregates (60% recycled concrete 
aggregates [RCA] and 40% reclaimed asphalt pavement [RAP] materials) consistently exhibited 
the highest bulk stress term regardless of the influence of overlying subbase layer types and 
HMA thicknesses. This observation is consistent with findings in the literature and matched with 
the overall low magnitudes of rutting observed in Sections FP-VII and FP-VIII. 
 The assigned bulk-stress parameters for the selected unconventional aggregates are 
plotted against the typical range of ‘K’ and ‘n’ values established by Mishra and Tutumluer 
(2012) and Rada and Witczak (1981) in Figure 6.6. The grey colored diamond shape data points 
with standard deviation error bars exhibit the range of K-values for different material types 
documented by Rada and Witzack (1981). On the other hand, the cross-hair type circular data 
points show the bulk-stress parameters reported by Mishra and Tutumluer (2012). The predicted 
bulk stress parameters for selected aggregate subgrade materials were found to be consistently at 
the higher end of statistical limits for both of the models. In light of the Rada and Witzack (1981) 
reported values, the assigned ‘K’-values for best-fit FWD deflection basins in the current study 
were similar to the range of ‘K’-values for limerock and slag. Given the proximity of the 
assigned bulk-stress parameters to the intersection of the aforementioned models, the resulting 




6.7 Deflection Basin Parameters and Critical Pavement Responses 
Table 6.8 presents the pavement responses predicted by the FE analyses of the full-scale test 
sections using both the as-constructed and design thicknesses. Based on the data presented in 
Table 6.8, the following observations can be made. 
i. Predicted deflections in Type E RAP subbase sections with the design thicknesses were 
consistently higher than those predicted with the as-constructed layer thicknesses. This 
observation confirms the fact that higher HMA thicknesses in Type E subbase sections 
led to lower deflections when compared to those in Type G dolomite subbase sections. 
The influence of higher HMA thickness was also reflected in the lower magnitudes of 
deviator stress on top of the subbase. 
ii. The beneficial effect of thicker granular cover over weak subgrade and unconventional 
large aggregates was also evident from the predicted stresses on top of the subgrade. The 
stresses predicted in Cell 3 sections constructed over CBR = 3% subgrade were 
consistently higher than those in Cell 1 and 2 test sections constructed with 
unconventional aggregates. 
iii. Section FP-V with the lowest HMA thickness also exhibited the highest tensile strain at 
the bottom of HMA layer. Conversely, the thickest HMA section (Section FP-X) 
constructed with Type E 100% RAP aggregate subgrade ended up with the lowest tensile 
strain at the bottom of HMA layer. 
 To assess the validity of finite element analyses, the predicted responses were evaluated 
against the known trends of deflection basin parameters established in the literature. Figure 6.7 
shows the tensile strains at the bottom of HMA layer plotted against the area under pavement 
profile (AUPP), surface curvature index (SCI), base damage index (BDI) and asphalt concrete 
thickness in the corresponding test sections. The AUPP and SCI parameters exhibited excellent 
correlations with the tensile strain responses in terms of the goodness of the fit (coefficient of 
determination). Kim and Park (2002) developed a synthetic database of pavement responses and 
associated deflection basin parameters and documented similar trends of tensile strain with 
respect to the aforementioned deflection basin parameters. 
 Figure 6.8 shows the deviator stress and compressive strain on top of granular subbase 
and subgrade plotted against two different deflection basin parameters, namely, AREA and F2-




AREA index. Since the AREA index is indicative of the overall pavement structural condition, 
stronger and stiffer pavement systems are expected to exhibit lower stress and strain responses. 
Among the statistical correlations presented in Figure 6.8, the F2-factor exhibited the strongest 
correlation with the compressive strain on top of the subbase layer. Although no clear correlation 
could be identified among the deviator stress and compressive strain responses on top of 
subgrade and the deflection basin parameters, the effect of thicker granular layer was evident 
from the predicted deviator stresses on subgrade. Test sections with thinner granular cover 
(approximately 30.5 cm [12.0 in.]) over CBR = 3% subgrade consistently exhibited higher 
deviator stress level compared to that of the test sections with thicker granular cover over CBR = 
1% engineered subgrade. 
 Although majority of the mechanistic-empirical pavement design procedures revolve 
around the idea of protecting the subgrade, such assumption may not hold true in case of the 
pavements with unconventional aggregate layers. The resulting stresses on top of subgrade may 
be too low to have any direct correlation with the deflection basin parameters. These stresses can 
further be corroborated from the deflection basins observed during the lightweight deflectometer 
testing on construction platform sections. Figure 6.9 shows the normalized LWD deflection 
basins corresponding to the working platform sections. Note that the depth of influence for the 
LWD device is roughly 305 mm (12 in.) (Chang et al. 2011), the LWD deflection basin 
essentially reflects the deformations primarily occurring in that designated depth of influence. 
The shape of the deflection basins clearly shows that the resulting deformations were mostly 
restricted to the capping layers. Beneath the thin capping layer, the applied stress level was 
quickly dissipated in the high modulus aggregate subgrade layers. Furthermore, test sections with 
large size unconventional aggregates over CBR = 1% subgrade consistently exhibited lower 
center deflections when compared to the test sections with regular base course type aggregates 
over CBR = 3% subgrade.      
6.8 Damage Normalization Factors and HMA Thickness Adjusted Rutting Performance 
As discussed in the previous section, variation in HMA thickness influenced the rutting 
performance of flexible pavement test sections significantly. The effect of individual material 
properties governing the rutting performance was yet to be established. To this end, a damage 




uses a damage algorithm (as shown in the following equation) developed from the ILLI-PAVE 














Nf = total equivalent single axle load over a design life of 20 years; 
δv =  vertical surface deflection under the load (mils).  
 
 Considering the above equation, the damage normalization factor was assumed to be the 
ratio of equivalent single axle loads (ESAL) for the designed and as-constructed pavement 
thicknesses. Actual vertical surface deflections for the standardized 40-kN load was already 
established through FWD testing. On the other hand, surface deflections in the theoretically 
designed pavement sections were predicted through the finite-element (GT-PAVE) based 
mechanistic analyses using the stress-dependent modulus properties of granular materials. Using 




















δref = predicted surface deflection for proposed design thicknesses 
(HMA = 10.2 cm (4 in.), subbase=15.2 cm (6 in.), aggregate subgrade = 53.3/ 23.0 
cm (21.0 / 9.0 in.) for CBR = 1%/ 3% subgrade;) and 
δactual = actual surface deflection recorded during FWD tests. 
 
 The aforementioned damage normalization factors were then multiplied with the 
measured rut amounts in each section. The normalized rutting performances exhibited very 
similar trends to those observed in construction platform test sections. Figure 6.10 summarizes 
the normalized rut depths in full-scale test sections plotted against increasing number of passes. 




normalized rut amount at the end of 40,000 passes when compared to the Type E RAP subbase 
sections. Rutting susceptibility of RAP subbase sections was more pronounced in the test 
sections with the engineered subgrade strength of CBR = 1%. The highest normalized rut amount 
was observed in section FP-X, which further substantiates the fact that reclaimed asphalt 
pavement (RAP) aggregate layer was susceptible to rutting. Both of the RAP aggregate subgrade 
sections (Sections FP-IX and FP-X) exhibited excessively high normalized rutting magnitudes 
compared to the other aggregate subgrade types. Type D aggregate subgrade sections with 
blended recycled aggregates outperformed the other material types by accumulating the least 
amounts of normalized rutting as opposed to the other sections. 
6.9 Summary 
This chapter presented results from the finite element (FE) based mechanistic analyses of falling 
weight deflectometer responses. Prior to the analysis, observed deflection basin parameters were 
discussed in details. The ensuing sections provided the theoretical background on FE domain 
size, adjustment of HMA modulus properties for air voids, selection of stress-dependent modulus 
properties and anisotropic modulus ratios. Predicted pavement responses were cross-examined 
with known trends of deflection basin parameters established in the literature. Finally, the rutting 
performances of flexible pavement test sections were normalized with a simplified procedure to 
minimize the effect of HMA thickness variation. The normalized rutting trend was found to be in 




6.10 Tables and Figures  
Table 6.1: Deflection Basin Parameters Considered in the Current Study 
Deflection Basin Parameter Unit Formula 
Surface Curvature Index μm 0 1SCI D D   
Base Damage Index μm 1 2BDI D D   
Base Curvature Index μm 2 3BCI D D   
AREA Parameter mm 








   
Area Under Pavement Profile μm 
 0 1 2 35 2 2
2






















Table 6.2: Average As-Constructed Layer Thicknesses of Flexible Pavement Test Sections 
Section ID 
Average as-constructed layer thickness (mm) 
HMA Subbase Aggregate Subgrade 
FP-I 101 175 689 
FP-II 112 140 595 
FP-III 106 132 562 
FP-IV 117 152 494 
FP-V 84 164 692 
FP-VI 112 184 605 
FP-VII 86 165 598 
FP-VIII 116 146 667 
FP-IX 106 171 222 
FP-X 137  N/A 381 
FP-XI 119 159 241 







Table 6.3: Dynamic Modulus Adjustment Factors for Surface Course Determined with Witczak-Fonseca Predictive Equation (ARA 
Inc. 2002) 
N50 C Surface Course (PG64-22) 
   
Asphalt Binder Content, Pb (%) 5.7 Cumulative % retained on 3/4 in. sieve, ρ34 0 
   
Asphalt Binder Specific Gravity, Gb 1.035 Cumulative % retained on 3/8 in. sieve, ρ 38 1 
   
% Passing No. 200, ρ200 5.4 Cumulative % retained on #4 sieve, ρ4 45 
   
Sections Gmm Gmb Gsb Va VMA VFA Gse Pba Veff log(E*) E* E*/E*LS 
FP-I 2.450 2.260 2.612 7.7 18.4 57.9 2.671 0.9 10.7 6.181 1.52E+06 0.92 
FP-II 2.450 2.279 2.612 7.0 17.7 60.6 2.671 0.9 10.7 6.203 1.60E+06 0.97 
FP-III 2.450 2.232 2.612 8.9 19.4 54.2 2.671 0.9 10.5 6.143 1.39E+06 0.84 
FP-IV 2.450 2.254 2.612 8.0 18.6 57.0 2.671 0.9 10.6 6.173 1.49E+06 0.90 
FP-V 2.450 2.311 2.612 5.7 16.6 65.7 2.671 0.9 10.9 6.238 1.73E+06 1.05 
FP-VI 2.450 2.309 2.612 5.8 16.7 65.3 2.671 0.9 10.9 6.236 1.72E+06 1.04 
FP-VII 2.450 2.310 2.612 5.7 16.6 65.7 2.671 0.9 10.9 6.238 1.73E+06 1.05 
FP-VIII 2.450 2.306 2.612 5.9 16.7 65.0 2.671 0.9 10.9 6.233 1.71E+06 1.04 
FP-IX 2.450 2.273 2.612 7.2 17.9 59.7 2.671 0.9 10.7 6.196 1.57E+06 0.95 
FP-X 2.450 2.282 2.612 6.9 17.6 61.0 2.671 0.9 10.8 6.207 1.61E+06 0.98 
FP-XI 2.450 2.287 2.612 6.7 17.4 61.8 2.671 0.9 10.8 6.213 1.63E+06 0.99 
FP-XII 2.450 2.265 2.612 7.6 18.2 58.5 2.671 0.9 10.7 6.186 1.53E+06 0.93 
Lab Sample 2.450 2.291 2.612 6.5 17.3 62.5 2.671 0.9 10.8 6.217 1.65E+06 1.00 
*Gmm = Theoretical maximum specific gravity; Gmb = Bulk specific gravity; Gsb = Aggregate bulk specific gravity; Va = Air 
voids (%), VMA = Voids in mineral aggregates; VFA = Voids filled with asphalt; Gse = Effective specific gravity; Pba = % binder 












Table 6.4: Dynamic Modulus Adjustment Factors for Binder Course Determined with Witczak-Fonseca Predictive Equation (ARA 
Inc. 2002) 
N50 Binder Course (PG64-22) 
   
Asphalt Binder Content, Pb (%) 4.8 Cumulative % retained on 3/4 in. sieve, ρ34 2 
   
Asphalt Binder Specific Gravity, Gb 1.035 Cumulative % retained on 3/8 in. sieve, ρ38 36 
   
% Passing No. 200, ρ200 4.6 Cumulative % retained on #4 sieve, ρ4 62 
   
Sections Gmm Gmb Gsb Va VMA VFA Gse Pba Veff log(E*) E* E*/E*LS 
FP-I 2.482 2.250 2.619 9.4 18.2 48.7 2.670 0.8 8.9 6.186 1.53E+06 0.82 
FP-II 2.482 2.250 2.619 9.3 18.2 48.7 2.670 0.8 8.9 6.186 1.54E+06 0.82 
FP-III 2.482 2.287 2.619 7.9 16.9 53.4 2.670 0.8 9.0 6.234 1.71E+06 0.91 
FP-IV 2.482 2.246 2.619 9.5 18.4 48.2 2.670 0.8 8.8 6.180 1.51E+06 0.81 
FP-V 2.482 2.236 2.619 9.9 18.7 47.1 2.670 0.8 8.8 6.166 1.46E+06 0.78 
FP-VI 2.482 2.290 2.619 7.8 16.8 53.8 2.670 0.8 9.0 6.237 1.73E+06 0.92 
FP-VII 2.482 2.250 2.619 9.3 18.2 48.7 2.670 0.8 8.9 6.186 1.54E+06 0.82 
FP-VIII 2.482 2.247 2.619 9.5 18.3 48.4 2.670 0.8 8.9 6.182 1.52E+06 0.81 
FP-IX 2.482 2.226 2.619 10.3 19.1 46.0 2.670 0.8 8.8 6.152 1.42E+06 0.76 
FP-X 2.482 2.262 2.619 8.9 17.8 50.2 2.670 0.8 8.9 6.202 1.59E+06 0.85 
FP-XI 2.482 2.273 2.619 8.4 17.4 51.6 2.670 0.8 9.0 6.217 1.65E+06 0.88 
FP-XII 2.482 2.283 2.619 8.0 17.0 52.9 2.670 0.8 9.0 6.229 1.70E+06 0.90 
Lab Sample 2.482 2.321 2.619 6.5 15.6 58.5 2.670 0.8 9.1 6.273 1.88E+06 1.00 
*Gmm = Theoretical maximum specific gravity; Gmb = Bulk specific gravity; Gsb = Aggregate bulk specific gravity; Va = Air 
voids (%), VMA = Voids in mineral aggregates; VFA = Voids filled with asphalt; Gse = Effective specific gravity; Pba = % binder 













Table 6.5: Conversion from Dynamic Modulus to Resilient Modulus 
Dynamic modulus at 5Hz and 
21°C (MPa) 
Resilient Modulus Conversion 
Factor     
Surface Mix, N50C-SC 7928.0 Surface Mix, N50C-SC 1.07 
    
Binder Mix, N50-BC 10377.8 Binder Mix, N50-BC 1.40 









HMA Lift Thickness 
(mm) Average MR 
(MPa) 
N50C-SC N50-BC N50C-SC N50-BC 
N50C-
SC 
N50-BC N50C-SC N50-BC 
FP-I 0.92 0.82 7291.6 8484.8 6814.6 6060.6 54.2 46.9 6465 
FP-II 0.97 0.82 7676.7 8499.2 7174.5 6070.9 46.6 64.0 6536 
FP-III 0.84 0.91 6689.7 9482.0 6252.0 6772.8 48.3 57.2 6534 
FP-IV 0.90 0.81 7156.2 8377.9 6688.0 5984.2 54.2 62.5 6311 
FP-V 1.05 0.78 8319.0 8106.7 7774.8 5790.5 45.7 38.1 6873 
FP-VI 1.04 0.92 8274.1 9557.7 7732.8 6827.0 50.8 60.3 7241 
FP-VII 1.05 0.82 8311.3 8498.4 7767.6 6070.3 47.0 40.4 6983 
FP-VIII 1.04 0.81 8232.4 8416.7 7693.8 6012.0 55.5 60.1 6819 
FP-IX 0.95 0.76 7554.3 7854.6 7060.1 5610.4 65.6 41.8 6496 
FP-X 0.98 0.85 7738.1 8821.2 7231.8 6300.8 71.5 65.8 6786 
FP-XI 0.99 0.88 7847.5 9125.2 7334.1 6518.0 70.3 49.3 6998 






Table 6.6: Resilient Modulus Model Parameters for Subbase Materials  






kx ky kz R
2 
Vertical 
Type G 4895.273 0.7137 -0.1140 0.93 
Type E 8014.732 0.7553 -0.2147 0.98 
Horizontal 
Type G 1294.547 1.4612 -0.8511 0.94 
Type E 2526.341 1.1958 -0.6441 0.96 
Constitutive Model MEPDG Universal (2002) 
Vertical 
Type G 911.321 0.7014 -0.3592 0.94 
Type E 1308.163 0.7182 -0.6227 0.98 
Horizontal 
Type G 730.261 1.0053 -1.4034 0.80 
Type E 823.614 0.9575 -1.4309 0.91 
 
Table 6.7: Aggregate Subgrade Modulus Properties for Best Fit FWD Deflection Basin 
Section ID 
Bulk Stress Model Modulus Ratio Subgrade Modulus, 
ERi (MPa) K (MPa) n MRH/MRV G/MRV 
FP-I 141.3 0.30 0.15 0.35 135.8 
FP-II 144.8 0.28 0.15 0.35 135.8 
FP-III 134.4 0.25 0.15 0.35 120.0 
FP-IV 158.6 0.28 0.15 0.35 117.2 
FP-V 89.6 0.28 0.15 0.35 127.6 
FP-VI 203.4 0.24 0.15 0.35 193.1 
FP-VII 175.8 0.25 0.15 0.35 144.8 





FP-XI 106.9 0.28 0.15 0.35 96.5 






Table 6.8: Pavement Responses from GT-PAVE FE analyses with As-constructed and Designed 
Layer Thicknesses 
Unit μm kPa με 





εc (SG) εc (SB) 
εt 
(HMA) 
Pavement Responses with As Constructed Thickness 
FP-I -424 -267 -132 -73 18 106 -107 -1172 212 
FP-II -361 -233 -124 -72 19 101 -124 -907 179 
FP-III -417 -272 -143 -82 20 98 -150 -1126 198 
FP-IV -363 -243 -135 -82 24 93 -182 -869 177 
FP-V -556 -335 -154 -81 19 133 -124 -1335 260 
FP-VI -312 -196 -97 -53 18 92 -83 -847 166 
FP-VII -445 -257 -116 -64 22 140 -130 -1335 228 
FP-VIII -325 -214 -116 -69 19 91 -112 -849 164 
FP-IX -536 -363 -187 -91 30 76 -216 -1026 239 
FP-X -318 -221 -122 -65 26 50 -143 -620 147 
FP-XI -429 -305 -178 -104 29 63 -283 -904 179 
FP-XII -442 -318 -191 -117 33 76 -377 -783 178 
Pavement Responses with Design Thickness 
FP-I -417 -262 -129 -71 21 110 -139 -1186 207 
FP-II -391 -244 -123 -70 21 119 -139 -996 197 
FP-III -439 -282 -144 -81 21 106 -152 -1161 210 
FP-IV -401 -253 -132 -79 25 122 -191 -1009 200 
FP-V -470 -305 -155 -83 21 93 -144 -1101 216 
FP-VI -325 -196 -92 -50 22 118 -105 -958 176 
FP-VII -389 -243 -120 -66 22 105 -134 -1150 195 
FP-VIII -368 -228 -115 -66 22 118 -134 -981 188 
FP-IX -620 -432 -239 -120 34 111 -260 -1306 249 
FP-X -424 -264 -120 -57 36 93 -205 -891 217 
FP-XI -493 -330 -177 -99 37 90 -366 -1092 212 
FP-XII -566 -399 -230 -131 36 124 -436 -1051 215 
σd (SG) = Deviator stress on top of subgrade; σd (SB) = deviator stress on top of subbase; εc (SG) 
= compressive strain on top of subgrade; εc (SB) = compressive strain on top of subbase; εt 

























































































CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 
7.1 Summary of Findings 
The objective of this research study was to evaluate performances of large-size virgin and 
recycled aggregates used as pavement subgrade/granular subbase over weak soils in Illinois. As 
an initial step to fulfill this objective, six different aggregate subgrade materials were selected, 
varying in source, composition, and size. In the absence of conventional laboratory testing, an 
imaging-based size and shape characterization technique was adopted for field evaluations. For 
the field performances, 12 full-scale test sections were constructed individually for both 
pavement working platform and low-volume road flexible pavement applications.  
Each of the six aggregate subgrade materials (as outlined in Table 3.4 in Chapter 3 
previously) was capped with two dense-graded aggregates—virgin dolomite and reclaimed 
asphalt pavement (RAP)—to investigate the adequacy of those materials as capping layers. To 
evaluate the suitability of the materials for use in low-volume roads, the flexible pavement 
sections were also designed with 102-mm (4-in.) thick HMA layers placed on the south side of 
the test strip. 
Compaction characteristics of the two capping materials were established in the 
laboratory before placement and compaction of the associated layers. Also, both intermediate 
and large-scale triaxial tests using 152-and 254-mm (6and 12-in.) diameter cylindrical specimens 
were carried out on several of the materials to assess shear strength properties. Standard and -
anisotropic resilient modulus testing was conducted on both of the capping materials. In addition 
to the testing of granular materials, laboratory characterization effort also included dynamic 
modulus testing on the binder and surface course asphalt mixes used in this study. 
In total, 16 test sections were constructed over an engineered subgrade with a design 
strength of CBR = 1%; the remaining eight test sections were constructed over a modified 
subgrade with a controlled strength of CBR =3%. During construction, in situ density and layer 
modulus were closely monitored. In addition, falling weight deflectometer (FWD) testing was 
carried out on the HMA test sections. Mechanistic analyses of the FWD responses in flexible 




Accelerated pavement testing was conducted on the construction platforms first. While 
trafficking, penetration-based strength tests were administered to investigate the strength profiles 
of the constructed test sections over the entire depth of the structure. Strength indices from these 
tests were meticulously examined to validate field performances. Along with the strength tests, 
geo-endoscopic imaging tests were used to detect water levels as well as the extent of 
intermixing between the weak subgrade and the large-size aggregate subgrade materials.  
Accelerated pavement testing (APT) on the flexible pavement sections indicated that 
variability in the as-constructed HMA thickness primarily affected the resulting rutting trends. 
Normalized rutting trends as discussed in Chapter 6 corroborated the rutting observations from 
APT on working platform sections. 
In light of the limited laboratory study and detailed field performances, the following 
sections highlight some of the key factors that defined the corresponding material performances 
in the full-scale test sections. 
7.1.1 Aggregate Type, Composition, Strength and Moisture Effects 
Because no significant rutting was detected in the aggregate layers or in the subgrade of flexible 
pavement test sections, rutting trends observed in construction platform test sections are deemed 
to be the best performance indicators of the selected aggregate types evaluated in this study. 
 Figure 7.1(a) presents the measured rut accumulations after 4000 wheel passes (or 
obtained at failure at a wheel path rut depth of approximately 76 mm or 3 in.) along with the 
individual layer thicknesses from construction. Unless indicated otherwise (over the y-axis on 
the right side of the figure), all remaining construction platform sections survived 4000 passes. 
On the basis of the accumulated rutting results, Type D (Blended recycled aggregates comprising 
of 60% recycled concrete aggregates and 40% reclaimed asphalt pavement materials) aggregate 
subgrade sections showed the best performance.  
 Figure 7.1(b) also shows that the total aggregate cover thicknesses were the highest in 
Sections CP-VII and CP-VIII. Both of these sections had the same Type D aggregate subgrade 
with alternating capping layers of Type G and Type E, respectively. Thicker aggregate cover 
with excellent strength indices as noticed during penetration testing might have contributed to 




 The influence of thickness becomes more evident when aggregate cover thickness for 
sections in Cell 3 (Section CP-IX through Section CP-XII) is taken into consideration. 
Construction platform sections in Cells 1 and 2 survived a significantly higher number of passes 
than those in Cell 3. As the granular layer thickness decreased along those sections, rutting 
accumulation increased significantly, and ultimately, resulted in failure. Even though Cell 3 
sections were built over a comparatively stronger subgrade, the aggregate cover thickness for a 
stable working platform is considered to be insufficient with Type E and F aggregate subgrade 
layer according to the field achieved compaction levels and premature rutting failure.  
In addition, the Type E RAP in Section CP-X was the only aggregate layer that exhibited 
significant heaving adjacent to the edge of the wheel which is indicative of shear failure. This 
observation was consistent with the fact that the RAP-capped sections always showed higher 
permanent deformation or earlier failure than their dolomite-capped counterparts.  
A closer look at Figure 7.1(b) reveals that the even-numbered sections had thicker capping layers 
than the odd-numbered sections. In spite of the thicker capping layers, the even-numbered 
sections capped with RAP either accumulated higher rutting or endured fewer passes. This 
finding further substantiates RAP’s susceptibility to rutting.  
Moreover, Section CP-II underwent shear failure despite having an aggregate cover 
similar to that of Section CP-I. In contrast, the Type D, B, and C aggregate subgrade sections 
exhibited good rutting performances, based on the number of passes these sections endured. The 
Type C working platform sections had some variable rutting trends, possibly linked to large 
voids in the granular assembly of primary crusher type aggregates and associated field 
compaction challenges during construction. 
The effect of moisture on rutting performance was also monitored using geo-endoscopic 
imaging. Figure 7.1(b) shows the water levels measured in working platform sections 
constructed over CBR = 1% subgrade. As shown in the figure, the shallowest water table was 
detected at Sections CP-II and CP-III, and the deepest water table was detected at Section CP-
VII. The effect of the shallow water table was more severe in the uniformly graded aggregates 
than in the somewhat well-graded aggregates. For example, Section CP-II, which had uniformly 
graded Type A riprap–size aggregate subgrade, failed prematurely at 100 passes. In contrast, 
Section CP-III, consisting of Type B crushed concrete, survived 4,000 passes, accumulating just 




rutting performance. For example, Section CP-VII, which had the deepest water table, 
accumulated the least permanent deformation after 4,000 passes among all the materials. 
Despite significant variation in aggregate cover thickness and water level, the best way to 
evaluate the rutting performance of a test item aggregate subgrade material is to examine its 
strength profile with depth. This is in accordance with the well-known fact that shear strength is 
closely linked to rutting performance of unbound granular materials. To this end, box-whisker 
plots for the range of cone resistance and California bearing ratios (CBR) recorded in the 
aggregate subgrade layers are presented in Figure 7.1(c) and 7.1(d), respectively.  Note that the 
California bearing ratios were calculated from the dynamic cone penetration (DCP) indices using 
the Kleyn (1982) equation as discussed in Chapter 4 previously. 
In terms of cone resistance, Type D aggregate subgrade was considerably stronger than 
Type A test item owing to denser packing. This observation conforms to the shear strength trends 
observed during the large-scale triaxial tests. Section CP-V constructed with Type G capping 
stone and Type C aggregate subgrade registered the highest cone resistance among all the 
sections. On the contrary, cone resistance in that same section also varied over a wide span due 
to voids in granular layer assembly. 
The significance of denser packing becomes evident when comparing rutting 
performances of Sections CP-II and CP-VI. Even with similar water levels, Section CP-III 
outperformed Section CP-II because of smaller particles filling up the voids in aggregate matrix 
ensuring adequate aggregate interlock. Despite the large sizes of primary crusher run Type C 
aggregate particles, associated large voids in the granular matrix resulted in very low cone 
resistance in the aggregate subgrade layer of Section CP-VI. 
Contrary to the observations of cone resistance values, Sections CP-I, CP-IV, CP-V and 
CP-VI exhibited similar magnitude of average CBR values. Furthermore, the variability 
observed with the CBR values in those sections was considerably higher than that with the cone 
resistance values. Such discrepancy can be attributed to the relative precision of the PANDA 
variable energy penetrometer and DCP. Notably, PANDA is equipped with an automated data 
logging process whereas, the DCP indices were recorded manually. This might have resulted in 
some misleading strength characteristics indices. 
Based on the 75th and 25th percentile values, Sections CP-II, CP-III, CP-VII and CP-VIII 




For Sections CP-VII and CP-VIII, aggregate cover in excess of the design thickness thus played 
a crucial role in minimizing the rutting accumulation compared with that in Sections CP-II and 
CP-III. 
Regardless of the device types, Type E RAP exhibited the lowest strength indices among 
all the aggregate subgrade materials. This was also reflected in rutting performance of Type E 
capping layers. These findings can also be substantiated by the CBR, shear strength parameter 
(friction angle) and permanent deformation trends observed during the laboratory 
characterization tests. 
7.1.2 Subgrade Strength in Post-Trafficked Working Platform Sections 
Despite the reported benefits of geosynthetics beneath large aggregate granular layer over 
CBR=1% subgrade (Mishra and Tutumluer 2013), no geosynthetics was introduced in the design 
and construction of unbound layers in this study. The underlying reason was to assess whether 
compaction induced mobilization of large size unconventional aggregates into the weak subgrade 
would be beneficial or not. To this end, penetration based strength indices recorded in the 
subgrade were also closely examined. Associated cone resistance and California bearing ratio 
(CBR) values are presented in Figure 7.2(a) and (b), respectively. Note that these indices were 
recorded over a depth of 30.5 cm (12 in.) beneath the aggregate subgrade interfaces documented 
in Figure 7.1(b). 
 The presence of shallow water table was evident from the low cone resistance in Section 
CP-II. Despite having a similar depth of water level, Section CP-II consisting of comparatively 
well graded Type B crushed concrete aggregate subgrade and Type G dolomite capping layer 
withstood 4000 wheel passes. DCP based CBR values indicated significant strength gain in Cell 
1 and 2 subgrade because of the large aggregate migration into the weak soil. As shown in Figure 
7.2(b), the average recorded subgrade CBR values in Cell 1 and 2 working platform sections 
were substantially higher than the design CBR and above the IDOT subgrade stability 
requirement (Minimum unsoaked CBR/ IBV = 6%). 
 Note that no water table was detected up to a depth of 1.5 m (60 in.) in Cell 3 sections. 
Those sections were constructed with regular base course type aggregates and thus, compacted 
subgrade in Cell 3 sections did not have the added benefits of large rock migration. For these 




platform sections. However, penetration based strength indices in Type E aggregate subgrade 
sections (CP-IX and CP-X) were found to be significantly higher than those in Type F aggregate 
subgrade sections (CP-XI and CP-XII). The proximity of transverse drainage line to Section CP-
IX (as shown in Figure 4.1) might have facilitated the reduction of pore water pressure and 
subsequent strength gain in the engineered subgrade. The added subgrade support led to better 
rutting performance by the 100% RAP aggregate subgrade sections compared to the Type F 
virgin aggregate sections. 
For both of the comparatively well graded large size recycled aggregates (Type B and D), 
the cone resistance values in subgrade were very similar. Conversely, a significant disparity was 
noticed between the subgrade cone resistance values of dolomite (Type G) and RAP (Type E) 
capped sections with similar uniformly graded (Type A and Type C) aggregate subgrade 
materials. Subgrade strength (in terms of cone resistance) in RAP capped sections were 
significantly lower than that in dolomite capped sections. This indicates the RAP materials might 
have failed to mobilize the large particles to the desired level of denser packing right at the 
interface, thereby resulting in very low cone resistance in the subgrade. Similar trends were also 
observed in standard base course materials such as the Type E and F aggregates. 
Even though the PANDA penetration device recorded very low cone resistance values in 
Section CP-VI, DCP testing in that same section could not be completed because even after 30 
drops, there was no further penetration (see Figure 5.10). In light of the above discussion, the 
inclusion of certain filler materials is necessary for the consistent performance by Type A and C 
aggregate subgrade layers.  
7.1.3 HMA Thicknesses over Subbase and Aggregate Subgrade Layers 
Apart from the thickness trends observed in construction platforms, as-constructed HMA 
thicknesses in flexible pavement sections followed a specific pattern, as shown in Figure 7.2. 
The hollow square dots in Figure 7.3 indicate the average HMA thicknesses recorded at the east 
and west measurement lines of the odd-numbered sections with dolomite (Type G) subbase; the 
solid black dots indicate the average HMA thicknesses documented at the east and west 
measurement lines of the even-numbered sections with RAP (Type E) subbase.  
 Except for the Type F aggregate subgrade, as-constructed HMA thicknesses were 




sections, HMA thicknesses were in close proximity to the target values. For the Type C 
aggregate subgrade sections, variations in HMA thickness and deviations from the target value 
increased. Because voids in the Type C primary crusher run aggregates were expected to be 
large, proper compaction and achieving a smooth working platform would be difficult; as a 
result, such variation in HMA thicknesses would be a potential concern.  
 Unlike Type C, Type D consisted of comparatively well-graded, blended recycled 
aggregates (approximately 40% RAP). As a result, compaction and placement of the subbase 
over the aggregate subgrade should have been more uniform inducing less variation in HMA 
layer thicknesses. Contrary to the expectation, the variations in HMA thickness increased in 
Type D aggregate subgrade sections. Moreover, the variations in HMA thickness spiked over the 
Type E RAP aggregate subgrade sections. As opposed to the large variations in Type E sections, 
the variation in HMA thicknesses decreases significantly in Type F aggregate subgrade sections 
(section FP-XI and section FP-XII), and the registered thicknesses were much closer to the target 
thickness compared to the sections with RAP aggregate subgrade. Based on the findings from 
Figure 7.3, it can be argued that as the percentage of RAP increased in the alternative subbases 
and aggregate subgrade layers, HMA thickness variations increased to a great extent. 
7.1.4 Constructability Issues with RAP 
Because there were significant differences between construction platform and flexible 
pavement rutting performances, special attention was paid to material properties to assess the 
variations in pavement layer behavior. During the paving operation, the use of an automated 
screed control with a mobile reference beam for a consistent grade was not feasible because of 
limited pavement width. Also, string lining was not conducted for grade control because of 
budgetary limitations. To determine whether those construction issues had any implication on 
rutting performances, grade elevations of the constructed test sections were closely examined 
after the accelerated pavement testing on HMA sections had been completed. A surveyor’s level 
was used to determine the elevations at the HMA core locations with respect to a reference point.  
Figure 7.4 shows the estimated elevations of the HMA surface, binder course interface, 
and subbase interface, respectively. The figure clearly shows that pavement surface elevation 




In Cell 1, sections constructed over Type A and Type B aggregate subgrade materials 
exhibited similar elevations. Beyond that, the grade spiked to the highest point in Section FP-V, 
which was built over a Type C primary crusher run aggregate subgrade layer. Pavement 
elevation gradually decreased for the Type D aggregate subgrade sections. Surface elevation 
further decreased and reached the lowest point in Type E aggregate subgrade sections, followed 
by a gradual increase for the Type F aggregate subgrade section constructed with the dolomite 
subbase. Surface elevation again dropped in Section FP-XII, which was constructed with Type E 
subbase and Type F aggregate subgrade.  
Figure 7.4 also indicates that the lowest HMA thickness was recorded around the highest 
surface elevation. In contrast, the highest HMA thickness was registered at the lowest elevation. 
One small deviation from this trend was the subbase elevation in Section FP-IX, which was 
higher than that in Section FP-X. As a result, Section FP-IX ended up with a thinner HMA layer 
compared with that of Section FP-X. 
To further investigate grade changes, actual layer thicknesses at the center of the wheel 
path were plotted along with thicknesses of the binder layer and surface course (Figure 7.5). 
Upon closer inspection, it became clear that thickness variation in the aggregate subgrade did not 
lead to inconsistencies in HMA surface elevations. Instead, distinct material trends under 
compaction led to the dissimilarities.  
As in the case of the construction platform sections, aggregate subgrade thickness was the 
highest in Type D flexible pavement sections over CBR = 1% subgrade. Similarly, the total 
aggregate cover was higher for Type E aggregate subgrade materials constructed over CBR = 3% 
subgrade.  
Unlike construction platform Section CP-I, the aggregate subgrade in the flexible 
pavement test Section FP-I was thicker than expected. The compaction growth curve was 
developed on top of the dense-graded dolomite subbase course in Section FP-I, which was the 
only section to undergo 24 vibratory roller passes. This might have contributed to deeper 
penetration of riprap–size materials and resulted in higher aggregate cover thickness. Other than 
this anomaly, sections containing RAP aggregate subgrade or a portion of it (40% RAP in Type 
D blended recycled aggregates) either had higher capping thickness (construction platforms) or 




It was established earlier that Type E RAP capping was thicker in the construction 
platform sections. It would be reasonable to expect that subbase layers below the HMA layer 
would follow the same trend. However, that trend was not consistent with the flexible pavement 
test sections. Again, a change in the number of roller passes along the development of the 
compaction growth curve might have disrupted that pattern. Moreover, the subbase thicknesses 
at the west and east measurement lines in the RAP subbase sections clearly show that along the 
direction of the paver (from west toward east), thicknesses of the RAP subbase were always 
lower. These trends imply that the RAP capping or subbase layers were either consolidating 
under higher compactive effort or sinking into the soft subgrade. These observations also 
indicate that the RAP layers were prone to rutting. 
To determine the root cause of sinking effect in the RAP subbase layer, differentiation of 
the effect of construction traffic and moving wheel load during the accelerated pavement testing 
was necessary. To this end, the traffic testing logs over the period of ATLAS use for the current 
study was carefully examined. Figure 7.6 summarizes the relative elevation of the wheel carriage 
and ATLAS recorded load level in the flexible pavement test sections during the simulated 
traffic tests. By no means, the presented elevations can be construed as true elevations of the 
pavement surface. However, these elevations can provide helpful insight into the effect of 
ATLAS trafficking on RAP sinkage. With respect to the elevation changes presented in Figure 
7.5, the relative change in ATLAS wheel carriage elevation can also be identified 
simultaneously. Furthermore, in response to the downward grade change, the applied load level 
decreased according to the bottom three graphs in Figure 7.6. Conversely, the load level 
increased as the actual grade and the relative elevation of wheel carriage changed to the upward 
direction. 
The overall shape of the relative elevation curves in all of the test sections did not change 
with respect to the increasing number of passes. Therefore, the accelerated pavement testing had 
minimal influence on the rutting and sinkage of RAP subbase layers and such sinkage was likely 
the by-product of construction traffic. In addition, the highest magnitude of variation in relative 
elevation was observed in Cell 3 100% RAP subbase sections. As documented by numerous 
previous studies, this observation further validates the fact that reclaimed asphalt materials in the 




If the construction sequence for flexible pavements is taken into account, further details 
about these trends emerge. In absence of automated screed control or string lining, the paver kept 
self-aligning with respect to the forces that were acting on the floating screeds. At the same time, 
the paver operator had been checking the target mat (HMA) thickness with a prodding stick.  
During paving, six types of force are active around the screed that lays the asphalt layer. 
These forces are (1) towing force exerted by the tractor; (2) force from the HMA head governed 
by the material feed rate and HMA characteristics; (3) screed weight acting out of gravity; (4) 
upward lift by the material itself against compaction; (5) additional vibratory force from the 
screed’s tamping bars; and (6) frictional force acting between the screed and the HMA.  
Accordingly, material density, stiffness, and strength can be key factors in determining 
the compaction resisting force that acts on the paver screed. When the compactive effort was 
increased in the second lift of the subbase, density did not increase with the Type E RAP 
materials. Also, laboratory CBR values and in situ penetration tests indicated that the RAP 
materials had somewhat lower strength. As a result, the resisting force exerted by the RAP would 
be lower than that by dolomite. To compensate for such forces, the paver might have poured 
more material in the RAP subbase sections. 
Also, these forces continuously interact such that when the paver screed is left 
undisturbed, the result is an equilibrium screed angle and elevation that determines the mat 
thickness. Adjusting the paver speed, material feed rate in the screed, or the tow point (where the 
screed arm is attached to the tractor unit that pulls the screed) elevation could alter these forces 
and result in a new equilibrium screed angle and elevation. If the screed angle is not changed 
manually or automatically with respect to string lining or a reference beam to counteract the 
changes, the paver will eventually lay an HMA mat with a new thickness.  
With the construction platform sections, it was already established that RAP was 
susceptible to rutting under a moving wheel load. Similarly, the paver may have tended to sink 
into and created rutting in the RAP subbase sections compared with the dolomite ones. The paver 
was much heavier than the small vibratory compactor that was used to compact the pavement 
layers. Therefore, rutting or sinkage was likely to occur during the paving process. In light of 
these facts, it can be concluded that because of its lower density and lower strength, coupled with 
susceptibility to rutting, the RAP subbase underwent significant sinkage, thereby resulting in 




However, one might argue that the RAP layer materials did not exhibit significant 
consolidation or shear failure. Accordingly, the strength trends from the construction platform 
sections need to be considered. The engineered subgrade of the construction platforms exhibited 
either lower cone resistance or lower CBR values, even though the strengths in the aggregate 
subgrade sections were similar. This implies that the Type E RAP material was absorbing a 
portion of the compaction energy and, as a result, few large particles were migrating from the 
aggregate subgrade into the soft and weak subgrade. Therefore, the penetration of large size 
unconventional aggregates into weak subgrade was absent in the RAP-capped sections, leaving 
them susceptible to rutting.  
The absorption of energy was further manifested by the insensitivity of RAP density to 
the increase in compaction energy on the second lift of subbase. Furthermore, Section CP-X 
which had the same 100% RAP in both capping and aggregate subgrade layers, was the only 
working platform section to exhibit internal shear failure. A brief literature review revealed that 
concrete mixes containing RAP showed lower strength but excellent absorption energy (Brand et 
al. 2012; Huang et al. 2005). Similar to the behavior of aforementioned concrete type, the 
compaction level (achieved density) in RAP subbase was documented to be insensitive to the 
increased vibratory compaction energy (see Section 4.5.3). Thus, the argument about the 
suspected RAP behavior can be corroborated by existing scientific literature. 
7.2 Conclusions 
 In light of the rutting performances observed in the construction platforms and flexible 
pavement test sections, the following conclusions can be offered. 
i. Mobilization of unconventional large aggregates, i.e. aggregate subgrade, into very soft 
subgrade had been demonstrated to be effective in improving the weak subgrade and 
preparing a fairly stable working platform for the construction of layers being placed 
above. Furthermore, CBR values obtained from the dynamic cone-penetration testing 
indicated ten-fold increase in subgrade strength from the engineered strength of CBR = 
1%; 
ii. Because RAP-capped sections accumulated higher permanent deformation, use of 
reclaimed asphalt pavement materials as capping materials should be further evaluated 




iii. Uniformly graded materials such as riprap (Type A) or primary crusher run (Type C) 
virgin aggregates may exhibit wider variation in rutting performances because of the 
presence of inherent voids. Without the presence of smaller size particles filling voids, 
the aggregate interlock is minimal at the interface of aggregate subgrade which 
eventually affects the subgrade strength as well; 
iv. The blended recycled materials (e.g., Type D: CS01+40%RAP) appeared to perform the 
best out of the test sections in this study.  Thus, blending RAP with the large size CS01 
crushed concrete seemed to be a viable aggregate subgrade use in construction platforms. 
However, RAP aggregate subgrade (Type E) sections performed poorly compared to 
Type D aggregate subgrade sections. Therefore, a limitation to the percentage of RAP, 
such as the 40% in this study, should be considered in the design mix of RAP materials; 
v. Because both the construction platform and flexible pavement test sections constructed 
with Type B crushed concrete performed consistently well, no significant moderation in 
the gradation band is needed. 
 
Considering the different factors that had a significant bearing on the material 
performance and evaluation strategy, the following discussion entails a brief list of 
recommended practices. 
i. Because the thin 76-mm (3-in.) aggregate capping affected aggregate subgrade 
performance, special attention might be given during construction to ensure optimized 
performance. A device such as the variable-energy PANDA penetration tester, along with 
geo-endoscopic imaging, may be useful for conducting quality control on the finished 
aggregate surface so that any as-constructed thickness variability could be detected 
before placing additional layers—and would allow preventive modifications to the 
corresponding layers to be applied; 
ii. Human error in the use of grade-control led to large variation in HMA thicknesses in this 
study. To this end, a more advanced methodology like string lining or use of paver screed 
beam during HMA placement and compaction should be considered to ensure a uniform 
HMA thickness after construction. Based on the implications discussed in this 
dissertation, a grade check on the aggregate layers should also be carried out more 




iii. Considering the early failure in Section CP-II, better drainage is proven crucial for 
optimized material performance. A drainage design in soils with wet of optimum 
condition may be extremely difficult to maintain (especially without knowing the type of 
aggregate material to be used in construction). Best practice would be to use a typical 
underdrain system, e.g., IDOT’s standard guidelines for drainage design practices;  
iv. Although none of the capping layers met the IDOT required compaction level at or above 
95% of the standard Proctor maximum dry density; working platforms constructed with 
large rocks performed considerably well surviving above 4,000 passes. The nuclear 
gauge showed high sensitivity to hydrogen bound materials leading to erroneously high 
moisture contents. Although majority of the state transportation agencies currently follow 
density based compaction control, such approach was proven to be insufficient (i) to 
achieve desired density level in unbound granular layers consisting of large size 
unconventional aggregates; and (ii)  to ensure satisfactory rutting performance; 
v. The highest recorded coefficients of variation (COV) were 22% for the lightweight 
deflectometer (LWD) modulus measurements and 34% for GeoGauge measurements, 
respectively. As opposed to the GeoGauge measurements, LWD moduli could be better 
correlated to the rutting performances of layered construction platform systems with 
thinner aggregate cover over CBR=3% subgrade; 
vi. Especially in cases of shallow water level, a strength-based approach involving cone 
penetration testing was found to be more effective. The automated variable energy 
PANDA device exhibited less variability than the commonly used dynamic cone 
penetrometer (DCP). Strength indices measured by both devices showed excellent 
correlations with rutting performances in working platforms. 
7.3 Recommendations for Future Research 
Even though the current study substantiates the use of large rocks as aggregate subgrade 
materials within the bounds of IDOT Subgrade Stability Manual, certain aspects of this study 
need further investigation. The following discussion outlines recommendations for future 
research studies: 
i. Since uniformly graded large size unconventional aggregates (Type A virgin riprap and 




consistent performance, inclusion of smaller size aggregate materials might be a viable 
solution. Low-cost quarry by-products or non-plastic fines may be considered for this 
purpose. However, ensuring uniformity and avoiding segregation among different 
aggregate sizes will be a potential challenge. That’s why, an in-depth study is 
recommended to optimize the composition, handling, and compaction of these uniformly 
graded aggregates; 
ii. In addition to the beneficial use of aggregate subgrade over weak subgrade, the use of a 
separation layer of geosynthetic between the two needs to be investigated. This will help 
to further study rutting mechanisms and develop optimized aggregate subgrade design 
thicknesses so that a better understanding of the effects of aggregate subgrade materials 
intermixing with weak subgrade can be made; 
iii. The current study summarizes the short-term performance of construction platform 
sections. However, long-term performances of these materials are not yet known. 
Intermixing of large rocks in weak subgrade may also lead to drainage concerns. Future 
studies may focus on the long-term stability of in-service pavements constructed with 
such unconventional aggregates. Stability of the respective pavement layers can be 
monitored through nondestructive falling weight deflectometer (FWD) testing. In 
addition, time-domain reflectometry may also considered for investigating the effect of 
drainage on associated layer modulus properties; 
iv. The compaction behavior of reclaimed asphalt pavement (RAP) materials, especially the 
energy absorbent nature, needs a thorough investigation. To this end, a field study 
involving performance evaluations (i.e., compaction, stiffness, strength, and rutting 
accumulation) for different blend proportions and binder grades of reclaimed asphalt 







Figure 7.1: (a) Rutting magnitude after 4000 passes/ failure in construction platform sections; (b) 
As constructed layer thicknesses and ground water table in working platform sections; (c) Cone 
resistance, qd (MPa) and (d) California bearing ratios (CBR [%]) recorded in aggregate subgrade 





Figure 7.2: (a) Cone resistance, qd (MPa) and (b) California bearing ratios (CBR [%]) recorded 





Figure 7.3: Variations of as-constructed HMA thicknesses over different types of aggregate 
subgrade material 
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